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With the increase in fuel prices, the efficient movement of aircraft around an
airport can impact the profitability of a flight and an airline. The assignment of a flight to
a specific gate not only impacts passenger satisfaction, but also impacts the efficient
movement of aircraft from the departure gate to the runway. There have been bodies of
research investigating aircraft taxi problems and gate assignment problems. However,
each of these research bodies has not included the effects of the other research areas into
their respective areas. This research presents a proposed framework that integrates the
passenger or freight movement within a terminal with the taxiing of the aircraft to support
an integrated approach to solving the gate assignment problem. A solution technique that
incorporates a job shop scheduling solution method is presented and demonstrates that a
large problem can be solved efficiently and in a short time using both deterministic and
stochastic data.
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CHAPTER I
AIRLINE AND AIRPORT OPERATION CHALLENGES AND THE SIGNIFICANCE
OF THE GATE ASSIGNMENT PROBLEM

1.1

Introduction
Air, rail, waterway and truck transportation systems have evolved over time,

adapting to changing market conditions through the use of new technology and processes.
From early modes of transportation with horse drawn wagons and stage coaches, the
focus has always been on how to efficiently move passengers and goods in a cost
effective manner. The use of railroads and trucks increased the quantity of goods
transported per conveyance, yet limitations remained. Trucks were limited by travel time
and fuel usage that restricted the range of the truck; railroads were limited by where the
tracks were laid. With the advent of air transportation and improvements in truck load
freight, passenger and parcel transportation moved from railroads to other modes
operated by companies like United Parcel Service (UPS), Greyhound, and the major
airlines.
In the 1970s and 1980s, the airline business went through a number of changes,
with deregulation completely changing the airline playing field. The deregulation of the
airline industry allowed passenger airlines to move from a route structure created by
bidding on specific point to point routes to a hub and spoke system created by a free
market place. During the era of deregulation, the parcel industry was seeing another
1

change: Federal Express started business and convinced the market place that parcels
needed to be sent across the country overnight. This new market desire necessitated new
views of how logistics are used and created a number of new choices in accomplishing
logistics goals. As the demand for shorter package transit times grew and spread, the
economy and supply changes globalized; businesses focused on moving items half-way
around the world in one to two days, allowing high-value items to be produced on one
side of the world and delivered two days later to the consumer.
As the logistics landscape evolved, the passenger airlines reacted by making
innovations in how the airlines were operated and managed. The hub and spoke system
allowed airlines to maximize routing choices for the customer, increase load factors (how
full the airplane is), and improve on the efficiency and utilization of staff, facilities, and
equipment, thereby increasing revenue and profits. However, no matter how efficient an
airline may be, the industry is very capital-intensive and requires massive expenditures
for the aircraft themselves along with the terminal and ramp space required for servicing
the aircraft and providing loading and off-loading facilities. In addition to the high,
relatively fixed equipment and facility costs, the fuel, labor and routine operating
expenses can be high and unpredictable. In particular, an airline is especially susceptible
to wildly fluctuating fuel prices.
As the deregulated industry matured, passenger and freight demands increased the
number of flights and destinations, which resulted in increased air traffic. With this
increase in air traffic density and complexity, the management of the air space and air
traffic system became critical. The complexity of the airspace in turn drove higher
operating costs in the airline industry, and the need for determining the most efficient
2

method of operating the system became a ripe area for research. In order to understand
the research and the problems faced in operating an airline and the air traffic system, an
understanding of how each operates and interacts is critical.
1.2

Service Models
The airline business provides a simple service, moving passengers and goods

between two points. For this, there are three operation models: passenger only, mixed
(passenger and freight), and freight only. Each model may operate a point-to-point or a
hub and spoke system. In a point-to-point operation, the passengers and/or freight is
moved from a specific origin to a specific destination. In a hub and spoke system, the
airline collects passengers and/or freight from a number of origins (spokes), moves them
to a central location (hub), sorts the passengers and/or freight, and moves each
item/person to its destination.
1.2.1

Passenger
The passenger model focuses on the movement of passengers through the airline

system, with the main interaction point being the customer and the main focus being
customer convenience and satisfaction. As will be shown in the research, this focus has
taken the form of moving passengers through the terminal facility and minimizing the
distance the passenger travels within the facility while allowing the flight to depart on
time. In the research, customer satisfaction is measured by the movement around the
terminal, while in reality customer satisfaction is most achieved by arriving at the desired
destination by the promised time. The news media is replete with examples of customer
discontent over flight delays.
3

1.2.2

Mixed
In the mixed model, excess cargo space in the flight (the space remaining after the

passenger luggage has been loaded) is used to move freight. The limiting factors for this
operation model are the amount of space available and the destinations available, since
the cargo must travel where passenger flights are already planned. The passenger portion
of this model operates in the same manner as the pure passenger mode. In both research
and reality, cargo customer satisfaction is measured by the cargo arriving at the desired
location at the stated time.
1.2.3

Freight
Freight only operations follow one of three modes: charter operations, scheduled

operations, and scheduled operations handling express and parcel movements. In charter
operations, an aircraft is contracted to move specific freight between two specific points
with the charter freight carrier providing the aircraft and staff. In this operating scenario,
the customer contracts with a service provider for a certain level of service. The
satisfaction is measured by the service provider meeting the terms of the contract or
charter.
In scheduled operations, larger freight units are tendered to the freight line, moved
through a sorting and transportation network and then delivered to the destination. The
scheduled operation functions within defined operating and movement parameters and
timeframes (much like a scheduled passenger airline), whereas the charter operation
operates on an as needed basis. The customer interaction is at the tendering points at the
beginning and end of the movement with satisfaction measured by delivering the freight
at the agreed time and at the agreed place. International companies such as FedEx, UPS
4

and DHL have scheduled operations handling express and parcel movements. In this
mode, parcels and freight are tendered to the company at pick up points. The items are
then routed through a system very similar to the airport terminal in the passenger model.
As they move through the system, these packages are sorted by destination and forwarded
to that destination for further processing. The customer interaction points are at the
tendering site at the start of the process and at delivery, with satisfaction measured by the
parcel or freight arriving at the destination by the published time. This mode is usually
used for time-critical items, such as those items that must be delivered the next day.
1.3

Air Traffic System
All airline operations are impacted by two basic, interrelated factors: fuel costs

and air traffic movement. Efficient movement of an aircraft through the air traffic system
will naturally lead to more efficient fuel usage through the use of more direct routings,
shorter holding time waiting for a landing spot and fewer mid-route changes due to
conflicts (potential violation of horizontal and vertical separations). The complexity of
personnel and procedures involved in moving the flight from the origin to the destination
combined with the sheer volume of flights moving through the system introduces a level
of uncertainty in maintaining schedules.
1.3.1

Overview
The air traffic system is designed to safely move aircraft from origin to

destination by maintaining horizontal and vertical separation between each aircraft and is
controlled by a series of air traffic controllers who oversee a sector or portion of the
system. The routing of a flight through the air traffic system is determined by a set of
5

way points which represent fixed points on a map. Although flights may be routed
through or by any number of way points, scheduled airlines tend to use preferred routings
or sets of way points. These choices are typically made for fuel conservation and
schedule adherence. Once the routing is determined and the flight has been initiated (left
the gate), the air traffic system guides the flight safely through the chosen routing.
1.3.2

Phases
For all flights, there are a series of steps or phases that the plane passes through as

it moves through the air traffic control system. These steps or phases are:
1. Pushback or gate departure – The flight departs the gate and prepares for
taxiing around the airport. The time associated with this phase is used by
the regulatory bodies to measure on-time departure performance.
2. Taxi out – Once the flight leaves the gate, it moves to the runway for takeoff. Depending on the status of the operation (hub or non-hub airport), the
flight may taxi in areas controlled by an airline. This is commonly termed
ramp movement or control. Prior to entering the airport controlled area,
the flight will pass a spot (commonly called Spot XX, where XX defines a
number or other designator to identify the spot). At this point control of
the flight is passed from the ramp controller to the ground controller in the
airport control tower. Once control is passed to the ground controller, the
movement of the flight is coordinated with all other aircraft moving
around the airport. In this phase, the flight is moved to the runway for
take-off.
6

3. Take-off or airport departure – At this point, the flight is handed off to the
local controller for use of the runway and is sequenced with other
departing and arriving flights for use of the runway and air space. After
the flight clears the runway, it is handed off to the approach controller.
This phase not only includes the use of the runway, but also the departure
air space around the airport. At most airports, the departure routes or
procedures are very carefully defined as a flight exits the airport’s air
space.
4. Enroute – After leaving the departure airspace, the flight is managed by a
series of enroute controllers at control centers across the country. The
flight moves from way point to way point and is provided horizontal and
vertical separation by the enroute controllers.
5. Arrival – As the flight approaches the destination airport, the enroute
controller will hand the flight off to an approach controller. This
controller sequences the flights for landing on a specific runway and
works with the tower to ensure that flights are able to both take-off and
land while maintaining separation. Each approach pattern is a very
carefully defined set of maneuvers.
6. Landing and taxi – This is the point at which the plane lands on the
runway and is turned over to the ground controller for movement to the
terminal and gate. The ground controller is responsible for moving all
flights around the airport. As with the departure, the flight may be
handled by a ramp controller at the end of the taxiing.
7

7. Arrival at the gate – This is the conclusion of the flight as the planes
blocks into the gate.
1.3.3

Airport Classification
There are no uniform methods of classifying airports within the domestic air

traffic system. The current classifications in use support specific processes and do not
necessarily cross over from one purpose to the next. These categories cover air space
requirements, funding levels, air traffic control requirements, landing/take off
specifications, and airline operating parameters. One of the basic forms of categorizing
airports is by the functionality of the airport. The airport can be defined as:
1. Hub – The center of a hub and spoke system. Flights arrive and depart
with the terminal allowing passengers to move from one flight to the next.
A hub generally has one or more airlines as the dominant carrier(s).
2. Focus City - Smaller than the hub in terms of number of flights. There
may or may not be a dominant carrier, and the frequency and the number
of flights is generally less than a hub.
3. Spoke City – A city that is serviced by a hub or focus city. Spoke cities
are the originating and destination points for most passengers and freight
moving through an airline system.
In terms of airport operations reporting, the U.S. Department of Transportation
groups airports as small, medium or large air traffic areas (see Appendix A for complete
data) [1]. These classifications are based on passenger movements and not freight
movements. When freight movements are considered (as tons loaded) the sizing of the
airports will change. For example, in terms of enplaned passengers, Atlanta, Chicago
8

O’Hare and Dallas/Fort Worth are the three largest airports. However, when considering
the freight volume, the three largest airports are Memphis (FedEx hub), Louisville (UPS
hub) and Anchorage. Because of this discontinuity, this research will consider a large
airport to be any airport where the entity is responsible for more than 40 gates (40 gates is
often a limiting value for models).
1.4

Research Areas
The air traffic system represents a complex system with a number of independent

and dependent features which makes modeling the system difficult. Within the air traffic
system, there are assignment problems, network flow problems, inventory problems and
scheduling problems. Each one of these problems has unique formulation and solution
techniques.
Based on these complexities, the research community has broken the system into
clearly defined parts and developed research areas within these parts. The enroute system
has been investigated widely and the techniques have focused on developing network
solutions. Similarly, the airport movement (taxi) problems have focused on using
network techniques. There has also been research into schedule development for an
airline, including aircraft scheduling, labor scheduling, and flight scheduling. Aircraft
scheduling research focuses on the efficient allocation of resources to meet the
operational needs of the airline. In this case, the resources are the aircraft, with the goal
of maximizing the use (flying time) while meeting regulatory, safety and maintenance
requirements. Research efforts directed towards flight scheduling focus on developing
and managing an efficient transportation system to move passengers and freight between
two points. The main focus of flight servicing studies has been the assignment of flights
9

to terminal gates (or stands) to minimize passenger movement and improve access to
services such as catering and fueling.
1.4.1

Focus Areas
The research community has also focused on easily separated problems, identified

by various points in the flight process. This separation or isolation of the problem
definition has led, in some cases, to problem definitions and solutions that work for the
particular problem but do not necessarily consider other external forces that may impact
the problem or adequately address the systemic nature of air traffic. The research to date
breaks the overall aircraft transportation problem into several pieces which provides an
easier method for conceptualizing the problem and finding a valid solution technique.
The general areas of research are:
1. Air traffic flow and scheduling – This area focuses on how to manage the
air traffic system for efficient movement of the aircraft through the
national airspace and considers aircraft movement from take-off to
landing.
2. Aircraft movement and scheduling – This research area is concerned with
the efficient control and movement of the aircraft around the network of
runways and taxiways within an airport. The movement period is defined
as the time between gate departure and take-off as well as the time
between landing and gate arrival. Some research includes the take-off and
landing operations as part of this area.

10

3. Terminal processes – This research area looks at assigning a specific flight
to a terminal location (gate or remote parking), focusing on the actions
between gate arrival and gate departure.
Within these areas, the research community use several distinct phases of airport
and flight activity to define their problem boundaries. These boundaries isolate the
specific phase of the system being investigated and develop solution models and
methodologies to meet the needs of the problem definition. The result of these efforts is
an optimizing model for the specific problem with little to no consideration of the
upstream or downstream segments or processes, or the effects of the model on the
processes within a phase.
1.4.2

Research Challenges
In the past, a lack of standardized data, due to the specificity of the operational

environment, has hampered the research of airport and air system problems. Each airport
represents a unique layout (terminal configuration, parking spaces/gates, taxiways and
runways) with its own set of variables and constraints. These constraints not only include
the physical location of the various elements, but also include items such as weather and
traffic flows. Layered onto the physical constraints are the demands placed on the airport
by the airlines. While many of the demands can be scheduled, there are random
movements of aircraft (such as private airplanes and unscheduled charters and business
flights) that do not belong to the major users and can upset the movement planned by the
tenants.
In reviewing other heuristic applications outside of the air transport research
areas, standard data sets may be available. The standard data sets provide a baseline for
11

measuring heuristic performance and quality of the solution. Without this type of data
set, the research is focused solely on sponsored efforts that solve specific problems.
The depth and breadth of research is hampered by the availability of standard data
sets to measure algorithm and solution technique effectiveness and usability (how good
the solution is and how the solution approach may be implemented). This restriction
reduces the available research to solving specific problems for specific operators or
entities. The available research reveals several limitations in approach:
1. Problem size is critical. Most problems are kept small and may not
produce a feasible solution for larger airports and hubs.
2. By isolating the gates from aircraft taxiing, landing and take-off, the
problem presents a relatively easier solution.
3. Other factors such as airport movement (taxiing to and from the gate) and
air traffic (the movement of the aircraft through the air space from origin
to destination) do impact the problem and present challenges in addressing
the problem.
4. The objective functions tend to look at customer convenience, not
expense.
5. Based on the current research, the biggest challenges facing researchers
are how to handle the inherent variability of the schedule and how to
generate an acceptable solution in an acceptable time.
There are few, if any, studies investigating the integration of two or more areas of
research. For a set of flights using a specific airport and terminal, the focus is either on
the efficient movement of the aircraft to and from the gate or the efficient movement of
12

passengers through the terminal complex, not on the interplay of the passenger movement
and the aircraft taxiing or on the transport of freight or parcels.
1.4.3

Research Significance
The body of research provides a number of approaches for solving the gate

assignment and aircraft movement problems. However, the approaches of previous
research rely on several constraints which inhibit their use on generalized problems or
any specific problem that does not conform to the operational paradigm represented in
the research. Each technique or approach represented in the research has a basis in
solving a specific problem for a specific entity or location. What is essentially a “one
off” approach drives the problem definition, assumptions or constraints and solution
approach and techniques. Some of the most restrictive constraining issues for the
problems as defined to date are:
1. The number of gates cannot exceed 40;
2. The operation cannot be a hub;
3. The main focus of the problem must be the efficient movement of
passengers within the terminal;
4. Specific programming skills or software packages are required to develop
the model; and
5. The gate assignment and the aircraft movement around the airport
structure are disconnected and one does not necessarily impact the other.
While these constraints may not present a challenge in the airports studied, they
can impact the study and modeling of larger airports that have a significant single airline
presence (a hub) or the modeling of non-passenger airlines. To address these limits, this
13

research will provide a framework that supports the following areas not covered in the
current body of research:
1. Previous research supports passenger operations and their efficient
movement through the terminal building to maximize customer
satisfaction and efficiently use the terminal facilities. However, the impact
of the gate assignment on the overall airline system or the differences
between passenger and freight or parcel operations is not considered.
With the rising and fluctuating fuel prices, moving the aircraft towards its
objective and avoiding idle time becomes more important to the profitable
operation of the flight or route. The developed framework will provide a
gate assignment approach that will not only look at the customer
satisfaction aspects, but also include an assignment plan that will
minimize idle time.
2. With each airport having differing layouts and operations methods, each
approach detailed in the previous research provides a solution that is
tailored to the location being modeled in specific ways that presents
challenges for application to other operations. While the previous
modeling approaches and the resulting models accommodate some of the
similarities inherent between facilities, each model is essentially a
customized approach to the problem being investigated. In order to
provide an approach that will work with both freight and passenger
airlines and as a general approach applicable to all facilities, the developed
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approach will be generalized to accommodate differing paradigms for
moving passengers and/or freight to the aircraft.
3. The previous research provides a mode specific solution process, usually
investigating passenger service. While passenger service represents a
large portion of the airline industry, the movement of goods in the global
economy requires that the freight service providers operate as efficiently
as the passenger airlines. Although there are similarities that can be drawn
between the passenger models and either airline freight or truck freight
models, the applications do not easily translate from one mode to another.
Some of these differences can be as simple as freight must be moved
between gate (freight cannot walk like passengers) to managing a travel
network for vehicles moving freight around a freight hub or sort facility.
4. In preparing a flight for departure, there are a number of activities relating
to the flight that must be accomplished prior to departure. While most of
the research investigated moving passengers between flights, some further
research considers activity around the aircraft gate. However, with rising
and fluctuating fuel prices, any efficiency gained by streamlining the
terminal processes can be lost by planning an inefficient launch. Ideally,
the aircraft will move directly from the gate to the runway and take off
with no delays, thus avoiding extraneous use of the engines and increased
fuel usage. In reality, there is competition for access to the runway and
taxi space moving from the terminal to the runway. This competition for
space leads to aircraft stopping or slowing with the resulting fuel usage
15

needed to resume normal taxi speeds. To address these competing goals,
the developed approach will include the movement of freight to the
aircraft as well as movement of the aircraft after gate departure.
5. Throughout the previous research, model run time has been identified as a
challenge. The number of aircraft and gates as well as the time horizons
used during model operation is the greatest drivers for model run times,
since the complexity of the solution as well as the solution run time
increases with each added gate. To overcome the run time issue, the
previous models limited the problem space to 40 or fewer gates. In
domestic U.S. hub operations, it is not unusual for both freight and
passenger operations to exceed this constraint. The developed approach
will support a large number of gates.
6. Within a heuristic solution framework, checking feasibility and calculating
the objective function impact the run time. To provide a feasibility check,
most methods for solving gate assignment problems do not include
assessing solution feasibility as part of the approach or even at the end of
the process. To provide a more efficient model run, database techniques
will be employed to enforce feasibility at the start of the model to reduce
the number of times a feasibility check is performed.
In addition to these shortfalls, most gate assignment approaches ignore the impact
of the assignment beyond the gate and most taxi movement approaches ignore the point
of origin (gate) on the taxi routing and time. Integrating the gate assignment into the taxi
calculations (with the assignment as an aspect to be optimized) or integrating the taxi
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time into the gate assignment heuristic (the solution processes do not tend to be
complementary) is difficult within the framework of the existing research. In
simulation, one way of modeling a time parameter (where it takes time to accomplish a
specific task or to enforce a delay) is to use a processor. This concept can be extended to
the gate assignment problem (since the gate assignments are based on travel time) by
looking at the movement parts as processes that must be accomplished. As this
determination is being made, the model development will start to resemble a machine
shop model and thus be able to use a heuristic. By identifying each leg of the movement
as a process with a defined time, the solution process can be expanded or contracted to
meet the needs of the problem. This approach is a departure from currently published
approaches.
Although it is desirable to compare the research results to an existing method, the
research problem presents some unique challenges that make this comparison difficult.
When looking at the passenger movement and gate assignment portion of the problem,
the objective is to minimize the walking distance of the passenger. The underlying
assumption in the passenger movement or walking approaches is a “many to many” gate
relation, that is a single flight draws from many points and an arriving flight feeds many
points. Freight operations induct freight into a sort operation which performs the same
functions as a passenger terminal, but is autonomous from the arriving and departing
gates. Based on this operating paradigm, the freight operation and modeling assumptions
have essentially a one-to-one relationship: a single point feeds a single flight.
The movement problems investigate the shortest route or the most efficient
routings to meet capacity requirements. Most airports can be divided into two sections,
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the ramp and the airport. The common understanding of the airport not only includes the
runways and taxiways, but also the terminal area (the aircraft movement spaces
surrounding the terminal). Within the airport, there are two operational areas, the airport
and the ramp, each with its own set of controllers. The ramp typically surrounds the
terminal facility and encompasses the aircraft parking areas and associated taxiways and
taxi lanes. For most terminal ramps, the traffic patterns are defined based on access
required to reach each gate. The proposed research assumes traffic flow is only modeled
to the point of hand off from the ramp controllers to the tower controllers and that there is
a one-to-one relationship between the freight origin and the gate.
1.5

Current Trends in Airport and Airline Operation
There are two trends in the airline navigation and airport operation arena that can,

and in some cases will, impact airport and terminal usage. The first trend improves the
navigation process while enroute by moving from a beacon-to-beacon travel method to
using GPS, allowing for more direct flight routings and resulting in improved transit
times as well as reductions in fuel usage. Since this greater efficiency will increase
available capacity, this new technology will impact runway and terminal usage with
potential increases in arrival and departure flows due to increased capacity enroute.
The Federal Aviation Administration (FAA) currently categorizes aircraft as
heavy or “non-heavy”, based on the gross weight of the aircraft. These designations
determine horizontal and vertical separations while in flight as well as spacing during
take-off and landing. As the aircraft and airline industries matured, various gradations in
the size of aircraft were developed to meet market conditions. However, each aircraft
type’s separation was established by whether or not the aircraft type was designated as
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“heavy”, the very largest equipment in the category requiring the same separations as the
smallest in a category, creating wasted capacity. To overcome these issues and improve
capacity usage, the FAA is moving from the two category system to a six category
system. This specialization of the category designations will improve the departure and
arrival sequences at an airport as separations are minimized (due to lighter aircraft being
allowed smaller separations then previously allowed) and capacity is increased.
1.6

Problem Statement
A prime example of the pitfalls of viewing air traffic problems in isolation is the

gate assignment problem. In the current research, focus has been placed on moving
passengers efficiently through the terminal space, which has been defined by a number of
customer satisfaction measures. These measures tend to look at customer satisfaction
while in the terminal, to the exclusion of the customer experience after entering the plane.
In this point of view, assignments are made to minimize passenger movement within the
airport, without considering the impact the assignment may have on the operation of the
airport and assignment of aircraft. In similar fashion, airport movement research has
focused on how to move the airplanes efficiently through the airport without necessarily
considering the exact origin of the flight.
These definitions of the research space present a problem. How would an airline
(whether freight or passenger) assign flights to terminal gates to efficiently move
passengers through the airport, meet operational schedule requirements, and plan for the
efficient movement of aircraft through the airport while minimizing delays? In a singular
form, each research area looks at the underlying mechanism of the respective area and
assumes negligible impact from other areas. Integrating more than one research area (in
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this case the gate assignment and its impact both on passenger and aircraft movement)
requires a solution that looks at the activities required to prepare the flight for departure
(passenger movement around the terminal, aircraft loading and servicing), as well as
movement of the aircraft through the ramp and airport space including the flight’s
interaction with other flights.
1.7

Research Goals and Methods
The airline industry is a capital-intensive industry. In order to run a profitable

business, the airline must move their passengers and freight as efficiently as possible
through the system, whether in a terminal, freight sort facility or through the air traffic
system. This efficiency must include not only the movement of passengers and goods
through a terminal, but also the movement of the aircraft in each phase of its trip. The
movement models and related research have been split into three basic areas:
1. Movement from airport to airport (air traffic);
2. Movements from the runway to the gate and gate to the runway; and
3. The movement of passengers and freight within the terminal.
Within these three areas, the movement from the gate to the runway plays a vital
role. At an airport, the limiting factor for determining the capacity of the airport is the
number of aircraft that may take off and land within a specified time period. During a
launch (departure) cycle for a hub airport, this capacity is crucial to the efficient
operation of the airport and the ability of the airline to meet its schedule because the
overall goal of the airline is to meet the takeoff slots during the launch cycle. Any missed
launch parameters by a flight (a flight not taking off at the assigned time) will have a
20

ripple effect throughout the remaining flights during the launch cycle and may even
affect flights throughout the day.
In order to meet the takeoff parameters, gate departure delays as well as delays in
moving from the gate to the runway (taxiing) must be minimized. This minimization will
ensure a smooth flow of aircraft from the terminal to the runway to support the takeoff
needs of the schedule.
1.7.1

Research Goals/Objectives
The overall goal of this research will be to develop a modeling framework that

supports flight operations and minimizes departure delays. To accomplish this goal, the
following objectives will be met:
1. Develop a model framework integrating the gate assignment and aircraft
movement in a hub environment. This will include the development of a
multiple objective function that considers both movement to and from the
take-off/landing runway and movement of freight or passengers to the
departure aircraft.
2. Develop a solution process to solve the gate assignment and aircraft
movement model.
3. Develop a constructive approach to support gate assignment requirements
in excess of 40 gates.
4. Develop an algorithm to measure delays due to airplane traffic.
5. Use problem knowledge to subdivide the problem and enforce feasibility
on the front end (at the beginning) of the algorithm.
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6. Implement a process that uses readily accessible software tools
(VB/VBA/MS Office) to build the model.
7. Measure the impact of using deterministic movement times in place of
stochastic times.
1.7.2

Significance
The body of research provides a number of approaches for solving the gate

assignment and aircraft movement problems. However, the approaches of previous
research rely on several constraints which inhibit their use on generalized problems or
any specific problem that does not conform to the operational paradigm represented in
the research. Each technique or approach represented in the research has a basis in
solving a specific problem for a specific entity or location. What is essentially a “one
off” approach drives the problem definition, assumptions or constraints and solution
approach and techniques. Some of the most restrictive constraining issues for the
problems as defined to date include the following:
1. The number of gates cannot exceed 40;
2. The operation cannot be a hub;
3. The main focus of the problem must be the efficient movement of
passengers within the terminal;
4. Specific programming skills or software packages are required to develop
the model; and
5. The gate assignment and the aircraft movement around the airport
structure are disconnected and it is assumed that one does not necessarily
impact the other.
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While these constraints may not present a challenge in the airports studied, they
can impact the study and modeling of larger airports that have a significant single airline
presence (a hub) or the modeling of non-passenger airlines. To address these limits, this
research will provide a framework that supports the following areas not covered in the
current body of research:
1. Previous research supports passenger operations and their efficient
movement through the terminal building to maximize customer
satisfaction and efficiently use the terminal facilities. However, the impact
of the gate assignment on the overall airline system or the differences
between passenger and freight or parcel operations is not considered.
With the rising and fluctuating fuel prices, moving the aircraft towards its
objective and avoiding idle time becomes more important to the profitable
operation of the flight or route. The developed framework will provide a
gate assignment approach that will not only look at the customer
satisfaction aspects, but also include an assignment plan that will
minimize idle time.
2. With each airport having differing layouts and operations methods, each
approach detailed in the previous research provides a solution that is
tailored to the location being modeled in specific ways that presents
challenges for application to other operations. While the previous
modeling approaches and the resulting models accommodate some of the
similarities inherent between facilities, each model is essentially a
customized approach to the problem being investigated. In order to
23

provide an approach that will work with both freight and passenger
airlines and as a general approach applicable to all facilities, the developed
approach will be generalized to accommodate differing paradigms for
moving passengers and/or freight to the aircraft.
3. The previous research provides a mode specific solution process, usually
investigating passenger service. While passenger service represents a
large portion of the airline industry, the movement of goods in the global
economy requires that the freight service providers operate as efficiently
as the passenger airlines. Although there are similarities that can be drawn
between the passenger models and either airline freight or truck freight
models, the applications do not easily translate from one mode to another.
Some of these differences can be as simple as freight must be moved
between gate (freight cannot walk like passengers) to managing a travel
network for vehicles moving freight around a freight hub or sort facility.
This research will provide a generalized approach that can be used for
both freight airlines and truck freight haulers.
4. In preparing a flight for departure, there are a number of activities relating
to the flight that must be accomplished prior to departure. While most of
the research investigated moving passengers between flights, some further
research considers activity around the aircraft gate. However, with rising
and fluctuating fuel prices, any efficiency gained by streamlining the
terminal processes can be lost by planning an inefficient launch. Ideally,
the aircraft will move directly from the gate to the runway and take off
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with no delays, thus avoiding extraneous use of the engines and increased
fuel usage. In reality, there is competition for access to the runway and
taxi space moving from the terminal to the runway. This competition for
space leads to aircraft stopping or slowing with the resulting fuel usage
needed to resume normal taxi speeds. To address these competing goals,
the developed approach will include both the movement of freight to the
aircraft as well as movement of the aircraft after gate departure.
5. Throughout the previous research, model run time has been identified as a
challenge. The number of aircraft and gates as well as the time horizons
used during model operation is the greatest drivers for model run times,
since the complexity of the solution as well as the solution run time
increases with each added gate. To overcome the run time issue, the
previous models limited the problem space to 40 or fewer gates. In
domestic U.S. hub operations, it is not unusual for both freight and
passenger operations to exceed this constraint. The developed approach
will support a large number of gates.
6. Within a heuristic solution framework, checking feasibility and calculating
the objective function both impact run time. To provide a feasibility
check, most methods for solving gate assignment problems do not include
assessing solution feasibility as part of the approach or even at the end of
the process. To provide a more efficient model run, database techniques
will be employed to enforce feasibility at the start of the model to reduce
the number of times a feasibility check is performed.
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In addition to these shortfalls, most gate assignment approaches ignore the impact
of the assignment beyond the gate and most taxi movement approaches ignore the point
of origin (gate) on the taxi routing and time. Integrating the gate assignment into the taxi
calculations (with the assignment as an aspect to be optimized) or integrating the taxi
time into the gate assignment heuristic (the solution processes do not tend to be
complementary) is difficult within the framework of the existing research. In
simulation, one way of modeling a time parameter (where it takes time to accomplish a
specific task or to enforce a delay) is to use a processor. This concept can be extended to
the gate assignment problem (since the gate assignments are based on travel time) by
looking at the movement parts as processes that must be accomplished. As this
determination is being made, the model development will start to resemble a machine
shop model and thus be able to use a heuristic. By identifying each leg of the movement
as a process with a defined time, the solution process can be expanded or contracted to
meet the needs of the problem. This approach is a departure from currently published
approaches.
1.8

Research Completed
The gate assignment problem was modeled in two environments, the deterministic

approach found in chapter two and the stochastic approach found in chapter three. Under
the deterministic approach, constraints, all travel times are fixed and delays are tracked.
This approach reflects what can be considered common practice in planning practice
(using static values for supporting planning efforts).
The second approach to be investigated covers the stochastic case. Under the
stochastic case, two paradigms can be investigated. First, the robustness of the model
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and approach can be investigated. It’s fairly easy to structure an approach that will
optimize when parameters do not vary according to a random process. However, if the
modeled approach finds an optimized value while applying a random process to the travel
times, the model is robust and can adapt to change. The second paradigm being
investigated will be the ability of the modeled approach to reach an optimized solution in
a time that is comparable to a deterministic approach.
With a heuristic solution technique being used, there will always be a question on
whether the heuristic is needed and whether the heuristic is appropriate. Chapter four
will compare the performance of both the deterministic and stochastic approaches using
the heuristic to the approaches using a purely random search. Along with this approach,
the research will look at the effectiveness of the parameters being used for the heuristic.
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CHAPTER II
USING A DETERMINISTIC APPRAOCH FOR INTEGRATING FREIGHT
MOVEMENT AND AIRCRAFT TAXIING

2.1

Introduction
Within the airline industry, there are two main revenue generating operations, the

transport of passengers and freight. While these operating environments or systems are
needed to move goods and passengers within and between geographical areas, the high
cost of operations presents challenges to meeting customer expectations and service
goals. The challenges often force reconciling customer convenience and comfort with
costs and cost recovery. This balancing act causes management to look for ways to gain
efficiencies and requires an efficient operation.
Operating within this industry incurs high costs relating to the acquisition and
operation of the main piece of equipment, the airplane. To maintain profitability, airlines
must look for opportunities to manage costs and reduce them when appropriate. This
task is further complicated by the environment that each airline must operate within.
This environment involves, at some level, cooperating with rivals, complying with
government regulations, and having day to day operations controlled by a third party.
This third party controls the air traffic system and airports throughout the world.
They control the movement of aircraft from the point of departure from the gate until the
flight arrives at the destination gate. This system can be broken into several segments
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that work together. Within the research communities, these breaks have provided
convenient points to define research bounds; however, little research has been conducted
to measure the impact of one area on another. All the research has the ultimate goal of
streamlining operations for the specific segment being researched.
This paper presents a framework for connecting the aircraft taxi problem with the
gate assignment problem. This framework includes translating the taxi portion of the
combined problem into a job shop scheduling problem. To support the framework, we
present a nonlinear program formulation for solving the problem and defining optimality
and then utilize a genetic algorithm to optimally solve the problem.
In section 2.2, we present an overview of the key parts of the air traffic system
and research to date for the taxi problem and gate assignment problems. Section 2.3
presents the framework and problem definition for the combined approach. Section 2.4
presents the results of the solution process, and Section 2.5 summarizes the research and
identifies potential research opportunities.
2.2

Background
While the customers’ views of the system provide a simplistic window into the

movement of passengers and freight, they do not provide sufficient detail to adequately
describe the complexities of the system and the movement between an origin and
destination. This hidden complexity has driven airlines’ cost and schedule structures.
Some of these costs are directly related to the customer and their interaction with the
service provider. Over the past few years, customers have been bombarded by a number
of fees for everything from bringing an extra bag to paying for a meal on a flight.
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However, these fees, while beneficial to the airline, do not impact the base operation of
the airline, moving the flight from an origin to a destination.
The system used for moving aircraft between two points is often referred to as the
air traffic system. This complex system provides a process for safely moving aircraft
within a designated air space. As air travel and the demand for air freight movement has
increased over time, the complexity of the control systems has increased. The
complexity of the airspace in turn has driven higher operating costs in the airline
industry, and the need for determining the most efficient method of operating the system
has become a ripe area for research. In order to understand the research and the problems
faced in operating an airline and the air traffic system, it is important to comprehend how
each operates and interacts.
2.2.1

Service Models
The airline business provides a simple service, moving passengers and freight

between two points using three operation models: passenger only, mixed (passenger and
freight), and freight only. Each model may operate a point-to-point or a hub and spoke
system. In a point-to-point operation, the passengers and/or freight are moved from a
specific origin to a specific destination. In a hub and spoke system, the airline collects
passengers and/or freight from a number of origins (spokes), moves them to a central
location (hub), sorts the passengers and/or freight, and moves each item/person to its
destination
The passenger model focuses on the movement of passengers through the airline
system, with the main interaction point being the customer and the main measures being
their convenience and satisfaction. In the literature, the focus has been on moving
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passengers through the terminal facility and minimizing the distance the passenger travels
within the facility while allowing the flight to depart on time [2-7]. In this context,
customer satisfaction is measured by the movement around the terminal, while in reality
customer satisfaction is most achieved by arriving at the desired destination by the
promised time.
In the mixed model, excess cargo space in the flight (the space remaining after the
passenger luggage has been loaded) is used to move freight. The limiting factors for this
operation model are the amount of space available and the destinations available, since
the cargo must travel where passenger flights are already planned. The passenger portion
of this model operates in the same manner as the pure passenger model. In both research
and reality, cargo customer satisfaction is measured by the cargo arriving at the desired
location at the stated time.
Freight only operations follow one of three modes: charter operations, scheduled
operations, and scheduled operations handling express and parcel movements. In charter
operations, an aircraft is contracted to move specific freight between two defined points
with the charter freight carrier providing the aircraft and staff, and operating on an as
needed basis. Satisfaction is measured by the service provider meeting the terms of the
contract or charter. Scheduled operations encompass not only large freight units, but also
parcels. Larger freight units are tendered to the freight line, moved through a sorting and
transportation network and then delivered to the destination. Parcel transportation
follows the same essential process as the larger freight units, with the sort processes
utilizing more automation to complete the sort process. The scheduled operation
functions within defined operating and movement parameters and timeframes (much like
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a scheduled passenger airline). The customer interaction points are at the tendering site at
the start of the process and at delivery, and satisfaction is measured in terms of on-time
delivery of the parcel or freight.
2.2.2

Air Traffic System
All airline operations are impacted by two basic, interrelated factors: fuel costs

and air traffic movement. Efficient movement of an aircraft through the air traffic system
will naturally lead to more efficient fuel usage through the use of more direct routings,
shorter holding time waiting for a landing spot and fewer mid-route changes due to
conflicts (potential violation of horizontal and vertical separations between aircraft). The
complexity of the procedures involved in moving the flight from the origin to the
destination combined with the sheer volume of flights moving through the system
introduces a level of uncertainty in maintaining schedules.
The air traffic system is designed to safely move aircraft from origin to
destination by maintaining horizontal and vertical separation between each aircraft, and is
controlled by a series of air traffic controllers who each oversee a sector or portion of the
system. The routing of a flight through the air traffic system is determined by a set of
way points which represent fixed points on a map. Although flights may be routed
through any number of way points, scheduled airlines tend to use preferred routings or
sets of way points. These choices are typically made for fuel conservation and schedule
adherence. Once the routing is determined and the flight has been initiated (left the gate),
the air traffic system guides the flight safely through the chosen routing.
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For all flights, there are a series of steps or phases that the plane passes through as
it moves through the air traffic control system. While there are a number of steps, the
following are the steps impacted by the research:
1. Pushback or gate departure – The flight departs the gate and prepares for
taxiing around the airport. The time associated with this phase is used by
the regulatory bodies to measure on-time departure performance.
2. Taxi out – Once the flight leaves the gate, it moves to the runway for takeoff. Depending on the status of the operation (hub or non-hub airport), the
flight may taxi in areas controlled by an airline. This is commonly termed
ramp movement or control. Prior to entering the airport controlled area,
the flight will pass a point where control of the flight is passed from the
ramp controller to the ground controller who coordinates the movement of
each flight moving around the airport. In this phase, the flight is moved to
the runway for take-off.
3. Take-off or airport departure – At this point, the flight is handed off to the
local controller who sequences it with other departing and arriving flights
for use of the runway and air space. After the flight clears the runway, it
is handed off to the approach controller. This phase not only includes the
use of the runway, but also the departure air space around the airport.
The air traffic system is complex with a number of independent and dependent
features making modeling it difficult. Within the air traffic system, there are assignment
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problems, network flow problems, inventory problems and scheduling problems. Each
one of these problems has unique formulation and solution techniques.
The goal of any analysis of passenger movement is to minimize the distance
traveled, with the distance measured from three aspects: 1) passengers departing the
terminal, 2) passengers arriving at the terminal and 3) passengers traversing the terminal
(connecting flights). Numerous efforts have been made to study assigning gates to
minimize the time spent transferring between aircraft [2-7]. Ding et al. [8] expanded on
the travel distance by including embarking and disembarking passengers. Several studies
refer to generic walking distance. Unfortunately, these studies do not distinguish
between transferring passengers and those who either start or end their travel at a
specified airport [9-11].
The gate represents a costly asset for the entity responsible for the operation of the
gate and the assignment of the flight to the gate. In order to achieve a return on the
investment, fees are charged for the usage of the gate. The goal of the assigning entity is
to maximize the number of aircraft using the gate and therefore the funding derived from
the usage. Gate usage models can be divided into two categories: time spent occupying a
gate and time and effort spent moving aircraft between gates and between gates and
temporary parking spots. There have been a number of studies that have investigated
maximizing the time a gate is occupied [12] or minimizing the amount of time a gate is
empty [13-15]. A number of studies combined the passenger movement models and
assumptions with gate usage to develop assignment models. Ding et al. [8] combined
passenger movement (transfer, embark and disembark) with minimizing the number of
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flights that were not assigned gates at arrival. Hu, et al. [10] added baggage travel time to
passenger movement and “ungated” flights.
As a problem set, aircraft movement is defined as the movement of aircraft from
an origin to the runway for take-off. Within this definition, the problem statements look
at both arriving (landing) and departing (take-off) aircraft and the efficient movement
through the airport complex to and from gates. Embedded in the assumptions are the
supply and demand points for the problem. The supply is generally considered to be
from some entry point. There is little consideration in the research for the origin and
destination of the flights and the impact these points have on the movement. Although the
starting point will impact the time spent moving about the airport, the routing of the
aircraft from its starting point (whether a gate or a hand off point) to the departure point
(runway) is a greater portion of the time spent in movement and waiting. To mitigate
delays, efficient sequencing of the aircraft coupled with the use of the most efficient
routings provides a way to minimize time spent on the ground (moving but not flying).
The major challenge impacting the entry of aircraft into the system is that the controllers
do not determine the queue of aircraft presenting themselves for movement authority. To
overcome this challenge, scheduling the movement of aircraft around the airport (taxiing
between the runway and the terminal gates or apron) can be used [16]. Once the aircraft
is provided taxi authority, it is critical to avoid conflicts (two aircraft meeting on a single
taxi way or two aircraft trying to traverse the same intersection). It is critical to plan
movements ahead of time to identify these conflicts and resolve them with proper
routings [17, 18].
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In previous formulations for the assignment model, the objective function covered
moving the passenger or freight to and between aircraft [3-5]. While this provides for
efficient movement between flights, it does not consider the impact of the gate
assignment on the overall operation of the airport. Similarly, the airport movement
problem objective functions set a goal of minimizing the travel time and establishing an
ideal or optimized movement [12, 14] . While this approach presents an optimized
movement, it does not adequately measure the interaction of the source of the flight with
the movement. The challenge faced in formulating the gate assignment problem and the
taxi movement problem as a single problem is integrating two similar yet different
problems. Joining these two problems into a single problem requires three steps:
problem definition, delay definition and solution techniques.
Both research areas focus on the specific task at hand, but do not consider how
one area impacts the other. With gate assignments, the focus is on the gate and not the
effects of the assignment on the operation of the flight. With the movement, there is little
or no consideration for the origin of the flight and the impact the origin has on the overall
problem. Atkin et al. [19] did note there is benefit to “connecting” the aircraft movement
problem with the assignment problem. Maharjan, et al. [20] present a combined approach
integrating the efficiency of the airline with the convenience for the customers. In their
approach, the metrics are reduced to cost variables. Multiple objective function problems
using cost as a metric run the risk of one set of costs overshadowing the other costs and
therefore driving the model solution. For example, if the costs of operating an aircraft are
magnitudes greater than the customer service costs, the result will have a tendency to be
driven by the aircraft costs.
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Given the lack of connectedness between the flight moving around the airport and
the origin of the flight within the airport, research needs to be conducted to connect these
areas. Our effort introduces a framework for a solution approach employing a genetic
algorithm to optimize the resulting gate assignments based on the delays caused by a late
departure from the gate and the delays that can arise during taxiing, thereby connecting
gate assignment with the movement of the aircraft through the ramp.
2.3
2.3.1

Method and Materials
Integrated Framework
For purposes of researching gate assignments and their impact on the movement

of the aircraft from the departure gate to the runway and thus the operating costs of the
airline, the research area is defined as the ramp. The ramp, also referred to as the
terminal area, includes the sorting facility, the aircraft gates, and the associated taxi areas
up to the exit point where control is transferred to the airport FAA tower.
Figure 2.1 details the parts of a ramp used for freight operations. These include:
1. Sort building – The facility where packages and freight are sorted by
destination and prepared for flight. All packages are placed in containers for
transport and loading into a departing aircraft.
2. Gate lead-in lines – The lines that provide the pilot with guidance in placing
the aircraft correctly in the gate. Where these lines intersect the centerline of
the taxi lane represents a nodal point for measuring the distance and time for
aircraft movement.
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3. Gates – The parking spaces for the flights. Each departing aircraft originates
from a gate and travels through the taxi lane to the exit point. The gate is also
the end point for freight when moved from the sort building.
4. Vehicle drive lanes – Defined areas within the terminal where vehicular traffic
is allowed to operate. The main users of the areas are the tugs and dollies
used to move the containers from the sort building to the gates.
5. Aircraft taxi lanes – These lanes function as the roadway for the aircraft
moving through the terminal area. The taxi lanes are fixed routes that every
arriving or departing flight must traverse to enter or exit the gate area.
Traffic control spot (exit point) – The point where control of aircraft movement
transitions from the local tower to the FAA tower.

Figure 2.1

Freight Terminal Area
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Problem Definition

2.3.1.1

In defining the problem, the metric for measuring success and quantifying results
needs to be developed. In any transportation system, the ultimate measure is time and
adherence to the schedule. By using time, the transportation system can be modeled in a
number of environments and opens itself up to a wide variety of solution techniques and
processes. For ease in demonstrating the concepts in developing a solution to the unified
problem, a freight ramp (as shown in figure 1) will be used with the accompanying
freight operation. (Although focused on freight, the concepts discussed in the following
paragraphs can be extended to a passenger operation.) Along with using time, an
effective metric is tracking the delays incurred throughout the system. With this
approach, delays in departing the gate and delays incurred while taxiing are combined
into a single approach. Although these areas are combined, they can be analyzed and
tracked separately.
2.3.1.2

Delays
Within a ramp, a flight is impacted by two types of delays, gate and taxi. Each

delay covers a specific portion of the movement of the freight or passengers and the flight
through the system. The proposed approach tracks and coordinates these delays to
develop a unified solution that optimizes the ability of the flights to maintain their
schedule.
2.3.1.2.1

Gate Delays

A gate delay is the lateness of a flight departing from the gate when compared to
the scheduled departure time. There are several points in time that can be used to
39

measure the delay and establish the actual departure time. In the proposed approach, the
departure time is defined as the time when the flight is loaded and has asked for clearance
to depart the gate.
With the control point for the departure defined as the point where clearance is
requested, delays can be caused by a number of items, some of which are controllable
and some that are not. Controllable delays arise due to the events that occur while
transporting freight from the sort location to the gate, while uncontrollable delays follow
as a result of equipment failures, poor employee and/or equipment performance, late
operations, weather and a myriad of other random events with a very low rate of
occurrence. In this study, the focus is on controllable delays that arise due to congestion
at intersections and around the gates due to the impact of the load/unload operations
interfering with traffic.
Most companies employ a set of standard travel times based on a set distance
from one point to the next and a standard travel speed. These values are readily available
and are typically used across the company for a number of modeling efforts and are
accepted. These values follow a specific route and do not consider driver selection of a
route or any congestion on the route. To model these features, any approach would need
to build multiple modules to reflect the random nature of these events with little
improvement in the end result.
2.3.1.2.2

Taxi Delays

Taxi delays are a measure of a flight’s ability to move through the ramp
environment. These delays are measured from the point when the flight is ready to depart
the gate to the point where the flight exits the modeled environment. By selecting the
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transition from gate delays to taxi delays as the point in the process where the flight is
ready for departure, the taxi delay captures time spent in the gate waiting for the taxi path
to clear to allow the flight to occupy the first segment of their taxi path. This wait time,
as well as the time spent moving through the remaining segments on the route to the exit
point, constitutes the taxi delay and provides an overall measure of the congestion in the
taxi system.
As the flight leaves the gate and moves into the taxi environment, the flight can
also experience controller delays. Controller delays are caused by issues with the air
traffic controllers who control a plane’s path while taxiing, while the taxi delays are
caused solely by congestion. In addition to the controller delays, flights can incur delays
due to congestion caused by a flight suffering a mechanical failure while taxiing and
blocking the route. While mechanical problems do occur, they do not present a sizable
number of incidents and are uncontrollable. Our focus on controllable delays means only
congestion related delays will be investigated and tracked.
2.3.1.3

Segmentation
In order to monitor aircraft as they move through the modelling environment, a

nodal network is established that defines the route the aircraft will take taxiing through
the system. In establishing this nodal network, the taxi route is divided into segments
with the nodes defining the transition point from one segment to the next. Each segment
represents a portion of the route that one and only one aircraft may occupy. In general,
there are two ways of establishing and using the segments. The first method is essentially
a dynamic segmentation. In this method, a bubble is established around the aircraft and
all movements may occur as long as the bubble boundaries are not violated. In this
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approach, a bubble is defined as a number of extremely small segments with the airplane
size and separation requirements determining the bubble or number of segments
occupied. This method can generate the most capacity and reduce the amount of
congestion, but it also requires the most computational effort with little benefit in the
given environment.
The second method is to establish defined static segments, where the segment
sizes remain constant regardless of the aircraft size. With this approach, two facts will
need to be determined, capacity or number of aircraft that can occupy the taxi route and
composition of the aircraft fleet. With the constraint of one and only one aircraft per
segment, the segment size must be determined based on the largest aircraft to be
considered. Using too large of a segment will result in lower capacity and greater
congestion and delays. By establishing the segment length based on the largest aircraft,
the number of usable segments at any given time is maximized since empty or buffering
segments are not needed to maintain separation while enforcing the occupancy
requirements and avoiding the overhead of dynamic spacing. While the proposed
approach uses fixed, identical, and static sized segments, the segment sizing can be varied
across the network based on the layout of the ramp and the system needs.
Each approach presents its own benefits and drawbacks. Ultimately, the choice of
an approach requires balancing model speed and efficiency with accuracy and capacity
(the ability to maximize the space used for aircraft). In modelling actual operations, fixed
segmentation (with each segment sized to accommodate the largest aircraft) is the
preferred approach and provides a good replication of actual practice. The proposed
approach uses a nodal network to map the taxi paths within the ramp environment, with
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each segment having defined length. The time required to traverse the segment is a
function of the segment length and the defined taxi speed (this speed is defined by policy
as a not to exceed speed) and are independent of aircraft type or size. These travel times
are static for a given segment and are stored as base data for use in the modeling
environment to track the time required to taxi from the gate to the exit point.
2.3.2

Notation and Terms
Within the problem definition, the airline schedule will be used as a data source.

This schedule establishes the baseline departure time. The model formulation will use a
number of terms to define specific times relating to the schedule.


Schedule departure time - the time in the published schedule that the flight
should leave the gate. This time will be used for establishing delays.



Pushback time - the point in time where the delays transition from gate delays
to taxi delays. This is the actual or modeled departure time based on when the
flight is ready to leave the gate.

2.3.2.1
2.3.2.1.1
G(j)
M
𝑅(𝑖)
R
i
j
k
l
f

Notation:
Sets and Indices
The set of gates that meet the restrictions for flight j
The set of all gates
The set of taxi segments representing the taxi route from gate i to the exit
point
The set of all taxi segments such that 𝑅(𝑖) ∈ 𝑅
Member of the set of all gates
Member of the set of all flights to be assigned
The arrival gate/location of origin
A member of the set of taxi segments 𝑅(𝑖)
The entrance point of a gate into the taxi path as represented by the first
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segment in the path

2.3.2.1.2
𝑔

The delay of flight j departing from gate i due to late freight to the gate.
The delay of flight j departing from gate i due to traffic movement across the
airport complex.
The exit time for a flight exiting segment r
Flight j is assigned to gate i.

𝑑𝑖𝑗
𝑡
𝑑𝑖𝑗
𝑡𝑒𝑟
xij

2.3.2.1.3
𝑒
𝑎𝑖𝑘𝑗𝑝

𝑏𝑙𝑗
𝑒
𝑙𝑡𝑖𝑗

m
n
𝑒
𝑝𝑖𝑗
𝑠𝑗
𝑠𝑡𝑗𝑙
𝑚
𝑡𝑖𝑒
𝑡𝑙𝑚
𝑝
𝑡𝑖𝑒
𝑝

𝑡𝑙

𝑤𝑖𝑗𝑒
2.3.3

Variables

Parameters
The expected arrival time of freight or passenger p from gate k to gate i for
flight j
Controls the occupancy of segment l by flight j
The expected time to load the last freight or passenger and prep for flight j
assigned to gate i
The number of gates
The number of flights
The expected pushback/departure time of flight j from gate i
The scheduled departure time of flight j
The time flight j enters segment l
The time required to move from gate i to the exit point e
The time required to move through taxi segment l
The time required to move from gate i to exit point e with no interference or
congestion
The time required to move through taxi segment l with no interference or
congestion
The expected wait time in the queue for the last piece of freight or passenger
prior to loading

Assumptions
The following assumptions are used in this approach:
1. When operating a hub, the arrivals and departures occur in a short period.
This characteristic of a hub causes the traffic movements around the ramp and
airport to be generally one way in flow. This approach considers just the
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outbound or departure process and therefore will assume that the taxi
movements will move in one direction, outbound.
2. With the concentration of movements for hub operations, it is assumed that all
gates are available for assignment to an outbound flight.
3. All equipment and staffing needed to conduct the tasks will be available when
needed. The departure will not be delayed due to a lack of staffing or
equipment.
4. If a taxi conflict exists, priority is given to the taxiing aircraft. Departing
aircraft shall remain in the gate until there is a clear path to exit.
5. All planned tasks will be performed in accordance with proper procedures and
methods. The load will start according to the stated launch countdown
procedures.
2.3.4

Objective Function
With this problem, there are two sub problems: transport time (moving freight to

the aircraft) and taxi time (moving the aircraft from the gate). Each of these items can be
identified by separate objective functions. To combine the goals into a single objective
function, a multi-objective objective function is required. The first objective (Z1)
addresses delays leaving the gate due to freight movement through the terminal complex,
while the second objective (Z2) is to minimize the delay caused by movement through the
airport.
𝑔

min 𝑍1 = ∑0<𝑖≤𝑚 𝑑𝑖𝑗
0<𝑗≤𝑛
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(2.1)

𝑡
min 𝑍2 = ∑0≤ 𝑖 ≤ 𝑚 𝑑𝑖𝑗

(2.2)

0<𝑗<𝑛

Using the model defined by Kuhpfahl [21] as a basis for developing the joint
model, the two objectives are combined to achieve a new objective function:
𝑔

𝑡
min 𝑍 = ∑0<𝑖≤𝑚 𝑑𝑖𝑗 + 𝑑𝑖𝑗

(2.3)

0<𝑗≤𝑛

The objective function is subject to meeting the constraints:
𝑝

𝑡
𝑒
𝑑𝑖𝑗
= 𝑡𝑒𝑗𝑒 − (𝑝𝑖𝑗
+ ∑𝑙∈𝑅(𝑖𝑒) 𝑡𝑙 )
𝑔

(2.4)

𝑒
𝑑𝑖𝑗 = 𝑥𝑖𝑗 (𝑝𝑖𝑗
− 𝑠𝑗 ) ∀𝑗, ∀𝑖

(2.5)

𝑒
𝑝𝑖𝑗
≥ 𝑠𝑗 ∀𝑗, ∀𝑖

(2.6)

𝑒
𝑒
𝑝𝑖𝑗
≥ (𝑙𝑝𝑖𝑗 + 𝑙𝑡𝑖𝑗
) ∀𝑗, ∀𝑖

(2.7)

𝑝

𝑠𝑡𝑗𝑙+1 ≥ 𝑠𝑡𝑗𝑙 + 𝑡𝑙 ∀𝑗, ∀𝑖

(2.8)

𝑡𝑒𝑗𝑙+1 ≥ 𝑡𝑒𝑗𝑙 ∀𝑗, ∀𝑙

(2.9)

𝑒
𝑝𝑖𝑗
≥ 𝑡𝑒𝑖𝑓

∀𝑓 ∈ 𝑅(𝑖), ∀𝑗, ∀𝑖

(2.10)

∑∀𝑗 𝑥𝑖𝑗 = 1 ∀𝑖

(2.11)

∑∀𝑗 𝑥𝑖𝑗 = 1 ∀𝑖

(2.12)

𝑖 ∈ 𝐺(𝑗)

(2.13)

𝑡
𝑑𝑖𝑗
, 𝑑𝑖𝑗 ≥ 0

𝑔

∀𝑖, ∀𝑗

(2.14)

𝑥𝑖𝑗 ∈ {0,1}

∀𝑖, ∀𝑗

(2.15)

𝑒
𝑝𝑖𝑗
, 𝑡𝑒𝑗𝑒 , 𝑠𝑡𝑖𝑙 ≥ 0 ∀𝑖, ∀𝑗, ∀𝑙
𝑝

𝑡𝑙 > 0 ∀𝑖, ∀𝑗, ∀𝑙
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(2.16)
(2.17)

The goal of this problem is to determine an assignment scheme that minimizes the
delays incurred by the departing flights. The objective function minimizes the delays
moving freight or passengers to the gate and the delays associated with taxiing the flight
through the ramp area. The taxi delays must be non-negative (eq. 2.14) and not
arbitrarily set to 0 (equation 2.4). Equation 2.4 further defines the taxi delay as the
difference of the time the exits the system and the time it should exit the system if there is
no interference. The delays caused by freight or passengers arriving at the gate are
defined in equations 2.5 and 2.14. Equation 2.5 provides that the delay must be the
difference between the scheduled departure time and the actual departure. Equation 2.14
provides that the delay must be non-negative. Equation 2.6 provides that the departure or
pushback time must meet or exceed the scheduled departure time, further enforcing the
non-negative delays.
For an assignment scheme to be valid and feasible only one flight can be assigned
to one gate and the assigned gate must be able to accommodate the flight. Equation 2.11
requires that for each flight only one gate may be assigned to the flight. Similarly,
Equation 2.12 states that for each gate, only one flight may be assigned. Equation 2.13
restricts the assignment to a set of gates that can accommodate the flight. Within
equations 2.11 and 2.12, 1 denotes an assignment and 0 denotes no assignment (equation
𝑒
2.15). With this assignment, there can only be one push back time (𝑝𝑖𝑗
), one scheduled

departure time (𝑠𝑗 ), and one set of taxi segments (𝑅(𝑖)) associated with a given gate and
flight combination.
In order for a flight to leave the gate and enter the taxi system, three conditions
must be met: all the freight or passengers must be on the flight, the flight cannot leave
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before the scheduled departure time, and the taxi path must be clear. Equation 2.7
requires that the push back time be no earlier than when the loading of the last passenger
or freight is complete when flight j is assigned to gate i. Equation 2.6 states the flight
cannot leave the gate before the scheduled departure time when flight j is assigned to gate
i. Equation 2.10 enforces that the segment used to enter the taxi system is clear. While
the flight is taxiing, two conditions must be met. First the flight cannot move to the next
segment until completing the current segment (equation 2.8). Prior to moving to the next
segment, any flight must have exited the next segment. Equation 2.9 enforces this
constraint.
For a scheme to be feasible, one flight can only be assigned to one gate that can
accommodate the flight (equations 2.11, 2.12, 2.13). The flight cannot depart the gate
until all the freight or passengers are on the flight and cannot depart early (equations 2.6
and 2.7). Once the flight is ready to depart, there must be a segment ready to accept the
flight (equation 2.10). Once the flight is taxiing, it must complete one segment before
moving to the next (equation 2.8) and the segment must be available to receive the flight
(equation 2.9). In order for the problem to be feasible, all departure times, both
scheduled and actual, must be non-negative and all travel times must be positive
(equations 2.16 and 2.17).
The gate delay is the difference between the pushback time and the schedule time
(equation 2.4) with the pushback time being greater than the schedules time (equation
2.6). The gate delay must be a non-negative number as defined by equations 2.6 and
2.14. The taxi delay is defined as the difference between the time the flight exits the
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system and the time it should have exited the system with no interference (equation 2.4).
The gate delay must be non-negative (equation 2.14).
2.3.4.1

Gate Delay
𝑔

As defined earlier, gate delay, 𝑑𝑖𝑗 , arises when the pushback time exceeds the
scheduled departure time, sj. This delay is modeled and calculated as:
𝑝𝑒 − 𝑠𝑗
𝑔
𝑑𝑖𝑗 = { 𝑖𝑗
0

𝑒
𝑝𝑖𝑗
− 𝑠𝑗 > 0
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(2.18)

𝑒
The modeled pushback or gate departure time, 𝑝𝑖𝑗
, to a certain extent, depends on

the type of operation (passenger or freight), each definition is similar and reflects the
same metric. Pushback can only occur when all the passengers or freight has been loaded
onto the aircraft and all the related preparation tasks have been completed. Based on
assumption 3 in section 2.3.3 the load process will not be delayed due to a lack of
equipment or staffing, the last piece of freight or passenger arriving at the gate will drive
the pushback time.
Based on operations, three possible conditions exist that determine the pushback
time based on the time of arrival of the last piece of freight (or passenger): arrival while a
queue still exist at the gate, arrival and no queue is present, and late arrival (the plane is
𝑒
being held for the last piece of freight). If 𝑎𝑖𝑘𝑗𝑝
is the expected arrival time of each piece

of freight p from sort location k to departure gate i for flight j (or passenger p from
gate/door k to departure gate i for flight j), then the arrival time of the last piece of freight
(or passenger) represents the constraining time for departure. Therefore, the last arrival
can be defined as:
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𝑒
𝑀𝑎𝑥(𝑎𝑖𝑘𝑗𝑝
) for all passengers/freight p arriving at departure
gate i for flight j

(2.19)

The pushback time can then be determined based on the system state when the
last piece of freight arrives. Upon arrival, there will be either a queue or no queue of
freight waiting to be loaded. If there is no queue, then:
𝑒
𝑒
𝑝𝑖𝑗
= 𝑀𝑎𝑥(𝑎𝑖𝑘𝑗𝑝
) + 𝐴𝑖𝑟𝑐𝑟𝑎𝑓𝑡 𝑙𝑜𝑎𝑑/𝑝𝑟𝑒𝑝 𝑡𝑖𝑚𝑒

(2.20)

However, if there is a queue when the last passenger or freight arrives at the gate,
this indicates that the last freight item must wait for all the items ahead of it to be loaded:
𝑒
𝑒
𝑝𝑖𝑗
= 𝑀𝑎𝑥(𝑎𝑖𝑘𝑗𝑝
) + 𝑤𝑎𝑖𝑡 𝑡𝑖𝑚𝑒 + 𝐴𝑖𝑟𝑐𝑟𝑎𝑓𝑡 𝑙𝑜𝑎𝑑/𝑝𝑟𝑒𝑝 𝑡𝑖𝑚𝑒

(2.21)

Therefore, the pushback time is defined as:

𝑒
𝑝𝑖𝑗

={

𝑠𝑗

𝑒
𝑒
𝑖𝑓 𝑀𝑎𝑥(𝑎𝑖𝑘𝑗𝑝
) + 𝑤𝑖𝑗𝑒 + 𝑙𝑡𝑖𝑗
≤ 𝑠𝑗

𝑒
𝑒
𝑀𝑎𝑥(𝑎𝑖𝑘𝑗𝑝
) + 𝑙𝑡𝑖𝑗

𝑒
𝑒
𝑖𝑓 𝑀𝑎𝑥(𝑎𝑖𝑘𝑗𝑝
) + 𝑤𝑖𝑗𝑒 + 𝑙𝑡𝑖𝑗
> 𝑠𝑗

(2.22)

𝑒
The load times (𝑙𝑡𝑖𝑗
) used in the solution process reflects the standard times used

by the airline. In the case of a freight airline, the standard load times will include the
time to move and secure the container to the appropriate position in the aircraft. These
times usually exist within an airline’s repositories of work measurement standards.
With the gate area being populated with passengers or the gate being staged with
freight, a queue will exist prior to and during the loading process. The time each
passenger spends within the queue will not generate a wait time, 𝑤𝑖𝑗𝑒 , when the passenger
or freight arrives at the gate during the normal loading process (see assumption 5). If
there is a single late passenger of piece or freight, a queue will not exist and the wait time
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will be zero. In these cases, the wait time, 𝑤𝑖𝑗𝑒 , will be zero. In cases with multiple late
arriving passengers or freight, the wait time in queue will extend the load process and
delay the flight completing the load process and leaving the gate.
2.3.4.2

Taxi Delay
Taxi delays are the result of a flight experiencing congestion along their route to

the exit. From the ramp in figure 1, the taxi system is illustrated in figure 2.2. Nodes G1G5 denote the gates, nodes T1-T5 denote the entry/exit points for the travel segments for
taxiing aircraft, and S1 is the exit spot from the ramp. Using this system, a directed graph
(figure 2.3) can be generated to describe movement of aircraft from gate to the exit. As
has been previously defined, R is the set of taxi segments within a ramp. For this
example:

(𝐺5𝑇5), (𝐺4𝑇4), (𝐺3𝑇3), (𝐺2𝑇2), (𝐺1𝑇1), (𝑇5𝑇4),
𝑅={
}
(𝑇4𝑇3), (𝑇3𝑇2), (𝑇2𝑇1), (𝑇1𝑆1)

Figure 2.2

Taxi Flow
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(2.23)

Figure 2.3

Taxi Flow Diagram

The routes that the aircraft within each gate takes to exit the ramp have been
further defined as subsets of R. For example, the route from gate 2 to exit spot S1 is
defined as: 𝑅(𝐺2𝑆1) = {(𝐺2𝑇2)(𝑇2𝑇1)(𝑇1𝑆1)}. In general terms, let r be a taxi route
segment such that 𝑟 ∈ 𝑅 and 𝑅(𝑖𝑒) is the set that represents the route from gate i to exit
point e and 𝑅(𝑖𝑒) ⊆ 𝑅 ∀𝑖, 𝑒.
Within the taxi process, the segment occupancy is strictly controlled as one flight
may occupy only one segment at any given time. Enforcing this requirement can take
one of two forms. First, there is the absolute method of tracking occupancy by managing
the inventory of flights in a given segment.
∑𝑙∈𝑅(𝑖𝑒),∀𝑗 𝑏𝑙𝑗 = {0,1}

(2.24)

𝑏𝑙,𝑗 is 1 if flight j occupies segment l, or zero if not. This constraint states that for
each segment l, the sum of occupancy assignments for all flights must either be zero for
unoccupied or one for occupation. By limiting this constraint to one, no more than one
flight can occupy the segment. Similarly, the sum of occupancy assignments for all taxi
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segments for each flight j must either equal zero if the flight is not in the system or 1
designating that the flight is occupying a segment in the taxi path.
In this system, there are two travel times that are tracked and used to determine
𝑝

taxi delay: planned time and modeled time. The planned time, 𝑡𝑖𝑒 , is the time it would
𝑚
take for an aircraft to move from their gate (i) to the exit (e), while the modeled time, 𝑡𝑖𝑒
,

is the same movement but taking into account delays due to interference or congestion.
𝑡
The total taxi delay, 𝑑𝑖𝑒
, for a flight moving from gate i to exit point e becomes the

difference between these values:
𝑝

𝑡
𝑚
𝑑𝑖𝑒
= 𝑡𝑖𝑒
− 𝑡𝑖𝑒

(2.25)

𝑡𝑙𝑃 is the planned travel time on taxi segment l, where, again, 𝑙 ∈ 𝑅(𝑖𝑒) and is
𝑃
fixed for each segment. 𝑡𝑖𝑗
is a fixed value for each gate and exit point combination. The

resulting equations for our example are:

𝑝

𝑃
= ∑𝑙∈𝑅(𝑖𝑒) 𝑡𝑙𝑃
𝑡𝑖𝑒

(2.26)

𝑃
𝑡𝐺2𝑆1
= ∑𝑙∈𝑅(𝐺2𝑆1) 𝑡𝑙𝑃

(2.27)

𝑝

𝑝

𝑝

𝑡𝐺2𝑆1 = 𝑡𝐺2𝑇2 + 𝑡𝑇2𝑇1 + 𝑡𝑇1𝑆1

(2.28)

𝑚
Likewise, the modeled travel time, 𝑡𝑖𝑒
, is the calculated time required for a flight

to move from the gate to the exit point taking into account delays due to interference or
congestion:
𝑚
𝑡𝑖𝑒
= ∑𝑙∈𝑅(𝑖𝑒) 𝑡𝑙𝑚

(2.29)

𝑡𝑙𝑚 represents the time the model calculates a flight will require to move through
taxi segment l such that 𝑙 ∈ 𝑅(𝑖𝑒). The time to move through a given taxi segment is the
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difference between the time the flight enters the segment and the time the flight exits the
segment. For gate 2, composed of three segments, the time will be defined as shown in
equations 2.30 and 2.31.
𝑚
𝑡𝐺2𝑆1
= ∑𝑙∈𝑅(𝐺2𝑆1) 𝑡𝑙𝑚

(2.30)

𝑚
𝑚
𝑚
𝑚
𝑡𝐺2𝑆1
= 𝑡𝐺2𝑇2
+ 𝑡𝑇2𝑇1
+ 𝑡𝑇1𝑆1

(2.31)

Given that aircraft move sequentially through a series of segments from their gate
to the exit, occupancy of a specific taxi segment can be determined from the time horizon
and the exit time from the segment. In this way, if the exit time of the last flight to taxi
through the segment precedes the time horizon, the segment is unoccupied. Similarly, if
the exit time from the segment is beyond or past the time horizon, the segment is
occupied and another flight may not enter until the segment is freed. Given this, the exit
time for segment r is defined as 𝑡𝑒𝑟𝑚 such that:
𝑝

𝑡𝑒 𝑚 + 𝑡
𝑡𝑒𝑟𝑚 = 𝑚𝑎𝑥 { 𝑟−1𝑚 𝑟 }
𝑡𝑒𝑟+1

(2.32)

where:
𝑡𝑒𝑟𝑚
𝑚
𝑡𝑒𝑟−1
𝑝
𝑡𝑟
𝑚
𝑡𝑒𝑟+1

The exit time from segment r
The exit time of the preceding segment, r-1
The planned taxi time for segment r
The exit time for the succeeding segment, r+1

For each clock tick in the model, the algorithm starts at the exit point for a given
taxi path and moves backwards through each segment sequentially to the first segment in
the path. If the flight in a given segment is scheduled to move (the time to exit the
segment is less than or equal to the clock time) or move to the next segment in the path
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towards the exit point, a check is made on the availability of the gaining segment. If the
segment is available, the flight is moved to the gaining or next segment in the taxi path.
After all taxiing flights have been moved for the specific time slice, the flights in the
gates waiting for pushback are checked and if the pushback time or time that the flight is
designated to leave the gate is less than or equal to the clock time, then they can enter the
taxi path if a segment is available.
To illustrate the process, consider figure 2.3. The algorithm starts at S1 and looks
at T1S1. If the segment is occupied and the exit time is less than or equal to the clock
time, the flight is moved out of the system. The process then moves to T1. If the exit
time for T2T1 is less than or equal to the clock time, the flight is moved from T2T1 to
T1S1. The process continues until no more segments are available. After completing
this step, the process starts with G1. If the departure time is less than or equal to the
clock time and the entry segment, T1S1 is available, the flight is pushed back from the
gate and into the taxi network. If the segment is occupied, the flight remains in the gate.
The process then moves through the remaining gates.
While the travel times from segment to segment are constant within a
deterministic approach, they may not be identical from segment to segment. The time to
traverse each segment is constant for a specific segment, however, these are not the only
times to be considered in the movement. When a flight enters the system for taxiing, a
pushback event occurs. This event tends to take a longer amount of time to complete.
When a flight is pushed back, it will occupy its initial segment in the taxi path for a
period longer than the normal taxi time for the segment. This introduces the possibility
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of trailing flights in the taxi network to pause or stop while waiting for the segment to
clear.
2.3.5

Job Shop Approach
The basic solution algorithm for the aircraft taxi portion of the gate assignment

problem can be translated to the job shop scheduling format. Within the job shop problem
there are two basic components: the jobs to be completed and the machines or work
stations to process the jobs. In this construct, each job follows the same routing through a
series of stations with varying processing times at each station. For aircraft taxiing, this
can be equated to the flow of each aircraft through the system with a fixed routing unique
to the gate. Any given set of gates will share a fixed path (see figure 2.3) with aircraft
entering the system at varying points. To translate the taxi movement to the job shop, the
two key elements must be translated.
The resulting solution of the job shop problem is the total time a sequence of jobs
takes to complete the sequence of jobs. In translating the proposed problem to a job shop
problem, the jobs are defined by each flight with a gate assignment defined by 𝑥𝑖𝑗 .
Machine sequencing is a critical part of the job shop. With most approaches, the
machines are modeled by a job spending a fixed amount of time at the station. This
feature represents the taxi process. Each taxi path defines the sequence of segments that
must traverse in a fixed order, with the entry point of an individual gate being unique to
that gate. The traditional approach assumes that all jobs enter at station 1 and continue to
the last machine. There are some variations that include irregular paths. With the
proposed approach, the aircraft all follow a fixed path for a given taxi path, however, the
gate assignment determines the entry point to the sequence and equation 11 defines the
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time the aircraft enters the system. The make span for a specific job is the time the job
takes to move through the series of machines. Equation 2.28 provides the time required
to traverse the system and represents the make span for the system. To control
occupancy of the machines, the completion time of the job is tracked. For the taxi
portion of the model, this feature is included in equation 2.31 for each taxi segment for
each aircraft.
Once the model has been established, any conventional heuristic may be applied
to achieve a solution. A commonly used technique is the genetic algorithm. One of the
challenges to the problem is working within a manageable operating time. To improve
performance, the problem is reduced to smaller sets of gates and aircraft. The first step
will be to assign those flights or gates that have specific restrictions that limit their use.
Once these assignments are made, the remainder of the gates and flights can be assigned.
In solving the objective function within the job shop scheduling problem, the taxiing
times are tracked and used as the processing times. The total makespan for the system is
measured against the standard or base time to determine the total delays.
2.3.6

Schedule
The schedule is the prime source of data for the model and provides information

on freight movement, the destination of the specific flight, what type of aircraft is being
used, and the time the flight is scheduled to depart the gate. Schedules by their nature are
developed to meet business needs and to operate within the capacity constraints of the
airport. An airport’s capacity is typically reported in terms of the number of flights or
aircraft that can land or take off in an hour. It is not in the best interests for the airline to
use a schedule that exceeds these constraints. With the airport capacity fixed, schedules
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are developed to maximize the runway capacity and minimizing the time each flight
spends waiting to use the runway. As such, the runway capacity, and by extension the
schedule, works as a metering apparatus on the demand of the taxi lanes.
The proposed modeling approach uses a schedule that represents the schedule for
a single airline at a hub airport. As with most hub airports in the U.S., the gates are
leased to an individual airline and therefore are only impacted by the airlines schedule.
With this data, there are optimal assignment schemes within the search space. As the
problem is subdivided into smaller problems, some of the sub problems can represent
search spaces with a large number of optimal solutions.
2.3.7

Data requirements
A number of data sources are required to support the solution process. These

sources include an inventory of gates, an inventory of flights, a travel time matrix, and a
taxi time matrix.
The gate inventory is used to describe the gate. This information not only
includes the gate identifier, typically the gate number, but also describes or lists the
constraints for the gate that will impact assigning a flight to the gate. These constraints
will include aircraft size restrictions and service availability. While it would be ideal to
have each capable of parking every flight, that does not efficiently use the available land.
Therefore, there are size restrictions for each gate. Service availability includes items
such as fueling. There are some flights that may not be able to be fueled from tankers
(due to the amount of fuel to be transferred) and thus cannot be assigned to certain gates.
This inventory will also identify the gate order and where the gate enters the taxi process
(which segment).
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The flight inventory is similar to the gate inventory. This inventory will include
data that identifies the flight and the required services that will impact the assigned gate.
While it would be preferable to have every aircraft the same, the operation will dictate
different sized aircraft to server various routes. This size variation will impact the
number of available gates. In addition to identifying the flight and aircraft, the inventory
will need to identify any limiting services such as fueling.
The travel matrix provides the distance the freight or passengers will travel from
point of entry into the system to the departing flight. In the case of passengers, this is
either the ticketing area or the connecting flight gate (arriving). For freight processes,
this is the point where the freight is placed in shipping containers or pallets for loading on
the flight.
The taxi matrix provides details on the taxi path a flight will follow from the gate
to the point where the flight exits the system (see figure 2.2 and figure 2.3). This matrix
will be based on the individual travel segments and the time required for traversing the
segment. The matrix will also identify the previous and next segments to establish a
travel order or path.
Within the model environment, certain other data or information will need to be
used.
1. With this approach, the resulting algorithm will be time based. Given the
schedule, a baseline t0 is established. This will become t=0 for the start of
the model.
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2. Prior to departure, time is required to load and complete the departure
preparations prior to handing the flight over to the flight crew. This time
is used in the preconditioning phase to determine on time launches.
3. While the taxi time is constant and independent for each segment, the time
to enter the system is much longer. This time covers moving the aircraft
from the gate to the taxi way and the final preparations by the flight crew
prior to starting to taxi.
2.3.8

Algorithm
The solution algorithm employs subdividing the problem into sub-problems. The

solution for the sub-problem is determined by using a genetic algorithm. The two
operations that consume the most time in the solution process is determining feasibility
and scoring the solution scheme. Databasing techniques are used to minimize the amount
of time searching feasibility. By subdividing the problem, the scoring process is
shortened.
2.3.8.1

Sub divide the ramp based on independence
One key to solving the gate assignment problem is to subdivide the primary

problem into smaller problems. When the problem is subdivided into smaller problems,
the solution time is reduced due to a reduced solution space and a reduced number of
solutions to investigate. To accomplish this, the ramp and flights should be reviewed for
independence. In order for a set of gates, taxi paths and flights to be independent, each
population cannot be shared. For example, if there are a number of Airbus A-380 aircraft
in the schedule and there are a fixed number of gates that can accommodate the aircraft,
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these can be considered independent if and only if the gates are only used by the A-380
and the taxi paths are only used by the A-380.
2.3.8.2

Model Flow
The solution process leverages database processes and capabilities to enforce

feasibility during the initial population phase of the algorithm. The initial gate and flight
information is pulled from the set of gates and flights based on the pull criteria, taking
into account block independence. All flights are ordered by size prior to assigning to a
gate during the initial population phase of the model. The initial population produces a
fixed number of schemes representing the assignment of flights to gates. With the flights
ordered biggest to smallest (or most restrictive to least), the model ensures that the initial
population will produce a feasible solution, assuming that the number of flights for a
given restriction do not exceed the number of available gates.
After producing the initial population, each scheme in the population will be
scored on two criteria, the time required to prepare the flight for departure (moving the
last passengers or freight to the flight and those actions required to close out the flight
and turn it over to the flight crew for departure or pushback) and taxi time to move from
the gate to the point of exit from the system. The first set of actions is used to
precondition the departure time.
With the departure or pushback time determined, the problem now takes on the
characteristics of a job shop flow problem. Flights are flowed through the taxi paths in a
similar fashion to the flow problem. Prior to moving the flight into the process flow,
conflicts with other aircraft are checked with preference given to active/taxiing aircraft.
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The score for each flight represents the total delay minutes (delays for the flight meeting
the scheduled departure time and delays due to taxiing).
With the initial population scored, the population is sorted smallest to largest and
the minimum delays are determined. This minimum is the initial model solution. With
optimization defined as zero delay minutes, the model ends if the initial population
contains a scheme that has zero delay minutes. If optimization is not achieved, the
models begin the local searches to find the minimum solution.
The local searches use a variation of the genetic algorithm (GA). Within the GA,
the traditional approach is to use both a cross and a mutation operation. During
experimentation, either of these operations produced an optimized solution. The
candidate population of solutions is restricted to the number of initial solutions. After the
cross or mutation operation, the new scheme is scored, tested for optimality, and the
population is sorted smallest to largest. If optimality is found, the routine ends. The
pseudo code can be found in Appendix A.
2.3.9

Heuristic Development
For problems of this type, a heuristic approach is generally used, with the genetic

algorithm being a commonly selected heuristic. As an assignment problem, the genetic
algorithm is particularly well suited for solving this problem since the data is easily coded
into a genetic format and the genetic algorithm provides a straightforward means for
searching for an optimal solution. As in this case, genetic algorithms can be tailored to
the problem being solved and tuned to the situation.
The proposed algorithm uses a chromosome that represents the gate assignments
for a single test scenario. The data is coded with each element of the chromosome
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representing a gate and contains the ID of the flight assigned to that particular gate. Both
the gate and flight identification information have been coded. With both the gates and
flights, the ordered data set pulled from the gate and flights databases are aligned to the
chromosome based on each one’s position in the data set (see Figure 2.4).

Gate
Chromosome position
Flight
Figure 2.4

A5
1
123

A20
2
110

A3
3
102

…

An
N
xxx

Sample Chromosome

The proposed algorithm uses time units to track the events, both the time the
event is to occur and the duration of the event. In our approach, each time unit represents
one minute and is keyed off a specific time. This specific time represents t=0 and all time
measurements reflect the distance or elapsed time from that starting point.
Within genetic algorithms, there are a number of approaches to manage the
population and insure that the fittest or best chromosomes are used to create new
members of the population. For this approach, the population will be ordered on the total
delay time in ascending order. The selection of schemes to use for the cross and mutation
will be defined as the number of schemes in the initial population. If the initial
population has 5 schemes, the best 5 schemes will be used for each generation in the
cross and mutate processes.
As part of the local search process, the cross procedure is performed once in each
generation as defined in Appendix B. At the start of the cross, two parents are randomly
selected from the best schemes in the population, a cut point randomly selected, and the
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new scheme generated. In cases where the same flight appears on both sides of the cut,
the assignment from the first parent will be used. After populating the scheme, any
unassigned flights will be assigned to gates starting in the first position of the
chromosome. At each point, feasibility is reviewed and enforced. Each parent represents
a feasible solution, so any assignments brought directly from the parent are by definition
feasible. In cases where a flight is not initially assigned a gate, feasibility is checked
prior to making the assignment. If zero delay time is achieved, the algorithm stops
without entering the mutation process.
As part of the model tuning procedure, the chances of performing a mutation are
varied to balance model run time and solution quality. Most genetic algorithms use a
relatively low percentage for using the mutation process. In this approach, the mutation
will be used once in each generation (100% of the time). The mutation starts with
randomly selecting one of the parents from the cross operation. The process then
identifies two flights/gates to swap. Prior to performing the swap, feasibility is checked.
If feasible, then the swap is made and the scheme is scored. If the swap results in an
infeasible solution, then a new set of gates is chosen. At the end of the mutation, the
schemes in the population are sorted in ascending order based on the total delay time
units and the cross/mutation process is repeated until optimization is achieved.
2.4
2.4.1

Results and Discussion
Problem Definition
A sample ramp and schedule representing a freight operation of 61 gates and 55

flights was used for this study based on an actual ramp configuration and airline
schedule. With this type of problem, the number of steps for achieving the optimum
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solution as well as the operating time will increase with problem size. With the
increasing time, being able to decompose the problem into sub-problems can improve the
solution time and will be the focus of this research [20].
The experimentation will investigate two cases, one case with sub-cases and one
case without sub-cases. The size of the sub-cases is based on the grouping and sizes of
the gates, the type of aircraft that can use the gates, and the taxi path. Each gate in case 2
is represented in one of the sub-cases in case 1. The definition of the cases can be found
in Table 2.1, with Figure 2.7 illustrating the relationship between case 2 and the subcases of Case 1.
The general layout of the ramp complex and traffic management schemes provide
for a series of segments for a flight to move from the gate to the exit point. In cases
where there may be multiple paths, a preferred path is generally used for most movement
and the alternate paths are used when traffic or congestion require the alternate moves.
These calls are generally made on a case-by-case basis during operations. For this
approach, each gate along a specific taxi lane has a defined path, one way out.
The overall goal of the model and approach is to subdivide the complete problem
into smaller problems. Each of the sub-problems, by their size and composition, will
represent an easier problem to solve and a smaller search space to investigate.
Table 2.1

Case Definitions

Case Sub-case Number Number
of Gates of Flights
1a
7
7
1
1b
12
11
1c
42
37
2
2
61
55
65

Case 1
1a

1b

1c
Case 2

7

Figure 2.5

2.4.2

19

62

Case Schematic

Speed Data
Within the model, there are two sets of speed data, the speed that freight is moved

from the sort location and the speed at which aircraft taxi through the ramp complex.
Using the speed along with a travel distance will yield the time required to move from
one segment or location to another. The challenge faced with any time or speed related
model is measuring the speed. In the case of movement around the ramp complex, it may
be not be practical or safe to measure the actual speed. For these reasons, planning
speeds can be used to measure the travel time.
2.4.3

Data sets
A data set of 330 possible gate/route assignment schemes was randomly

generated. These schemes were grouped into 30 sets of 11 schemes and numbered
sequentially for common use. Each grouping is coupled with a random number seed that
is unique to that specific grouping. During the initialization process for both cases, the
schemes will be loaded according to the order defined in Table 2.2. When subcases are
used, the schemes will be loaded according to Table 2.2 for the flights and gates that meet
the parameters of the subcase.
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Table 2.2
Scheme ID
1
2
3
4
5
6
7
8
9
10
11

Schemes Used in Initial Population
5
X
X
X
X
X

Initial Population
7
9
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

11
X
X
X
X
X
X
X
X
X
X
X

The experimentation and models were developed with the practitioner in mind.
To support this, the data sets were not reviewed to determine if each data set and each
grouping was unique. When the model is used in practice, the initial populations will be
randomly generated and the solution determined. Similarly, the models were developed
using common desktop tools and each experiment run was completed on a PC that is
representative of a practitioners operating environment.
2.4.4

Results
The experiment consisted of multiple runs of the model, varying the number of

schemes used in the initial population. The experiments covered initial population sizes
of five, seven, nine, and eleven schemes. Each experiment was initially populated from
the same set of assignment schemes (group 1 scheme 1 is the same in all experiments).
The model was run on a Dell PC with an Intel Core I5-2400 CPU @ 3.1 Ghz with
4 GB of RAM. In each replication, the model achieved the optimized value (zero delay
minutes).

Two operational times were measured as part of the model, the time to
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generate the initial population and the time to reach the optimal value using the local
search operation (mutation and cross).
Four sizes for the initial populations were investigated using 30 replications each.
Each population consisted of either five, seven, nine, or eleven schemes. The results for
these four different population sizes are shown in Table 2.3.
Table 2.3

Results based on Population Size

Num
Case
Init.
Schemes
1a
5
1b
5
1c
5
2
5
1a
7
1b
7
1c
7
2
7
1a
9
1b
9
1c
9
2
9
1a
11
1b
11
1c
11
2
11

Optimized
Operation Time
Init. Local
Number
Init. Local
Search Offspring
Search
30
0
0.43
30
0
0.53
0
30
23.60
1.82 5.93
0
30
19.87
2.42 10.84
30
0
0.58
30
0
0.7
0
30
36.73
2.48 9.41
0
30
31.87
3.2 10.22
30
0
0.76
30
0
0.93
0
30
49.87
3.26 13.61
0
30
44.87
4.08 15.01
30
0
0.91
30
0
1.11
0
30
64.53
3.85 17.39
0
30
52.53
4.97 17.51

As seen in table 2.3, the average number of offspring generated is higher for case
1c than the larger case 2. The average number of offspring generated during the local
search is an indication of the number of iterations needed to optimize the solution. The
primary cause for the difference in the number of offspring is the cut points for the cross
operation and the selection of flights to swap in the mutation operation. While there is a
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difference in the number of offspring generated during the local search process, the run
time of the model is directly related to the number of flights that must flow through the
system. When looking at the time for the optimization portion of the algorithm, smaller
problem sizes results in faster solution times due to the smaller number of flights that
must be flowed through the system. With the operation times measured in seconds,
background processes running on the computer will impact the operation time.
There is a tendency with heuristic approaches for the solution to settle on a local
optimum. To combat this, the genetic algorithm uses a combination of a cross and a
mutation to avoid converging on a local minimum. As seen in Figures 8, the algorithm
does converge on the optimum solution with the minimum reaching zero delay minutes.
Figure 8 shows the model settling on a local optimum with the mutation leaving the local
minimum to achieve an optimized result.
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Model convergence, Case 2, 7 Initial Schemes

To avoid a local optimum, the mutation operation is traditionally used a small
percentage of the time. However, in our implementation of a genetic algorithm it was
determined that mutation was an important operation to achieving the optimum more
quickly. Using case 1c with an initial population of 5 schemes, a comparison was made
on the impact of mutation percent on the results. Table 4 presents the statistics for 10
replications of each setting. As can be seen, increasing use of mutation reduces the run
time required to achieve the optimal solution
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Table 2.4

Mutation Percentage Impact on Solution for Case 1c with 5 Schemes

Percent
Mutation
(%)
20
50
100

2.4.5

Operation Time (sec.)
Min Average Max
2.0
1.0
0.0

60.7
17.2
3.1

180.0
29.0
11.0

Number of Offspring
Min Average Max
8
7
7

63.78
27.78
17.11

218
45
45

Discussion
The first question that will arise involves using schedule data vs. actual historical

data. Due to the variations of the operation relating to weather, gate used, and aircraft
size, the historical data may not be usable. In a planning situation, the goal is to develop
a plan that meets the schedule. As noted, one of the most important criteria for planning
is to maintain the schedule. These taxiing aircraft feed a runway and eventually a down
line operation. Because of this, it is important to run on time.
In line with using the schedule, deterministic values allow the plan to use readily
available data. Most plans are developed using fixed or known values. This precludes
the use of a stochastic approach and generally presents a workable plan. When the plan
is executed, the variances in the environment can make using stochastic approaches
difficult with little to no benefit.
One of the challenges with using the schedule is that it is designed to meet certain
business and operational goals. This results in a data set that will generate a solution
space with a number of optimized solutions. Within the schedule, the degree of
separation between the flights over time will also impact the number of solutions. In this
case, the data set resulted in schemes that achieved optimality quickly.
71

One other factor impacting the speed of the model is the definition of optimality.
In a conventional optimization model, the goal is to find either the maximum or
minimum value. This will result in the model converging over time. With the problem
designed to not give credit for early departures (which creates its own issues), and
optimization being designated as meeting the schedule, long runs with convergence are
not needed. Once zero delay minutes are achieved, the process is completed.
The data shows that the problem will yield the optimum result regardless of the
approach used. Employing the sub problem approach will provide the optimum value
faster when compared to solving the complete case (case 4). While the sub problem
approach is faster, both approaches provide an improvement over the time spent
performing the manual process. The manual process usually takes in excess of one hour
to make the same level of assignments as the complete problem. Assuming the longest
run time is used, this represents an improvement in excess of 19000 percent.
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CHAPTER III
USING A STOCHASTIC APPRAOCH FOR INTEGRATING FREIGHT MOVEMENT
AND AIRCRAFT TAXIING

3.1

Introduction
Inside the transportation sector, airlines move freight and passengers between

different geographical areas. While the airline provides a time efficient method to move
great distances, this mode of transportation incurs high costs relative to other modes.
While needing to generate adequate revenues to cover these costs, airlines are required to
operate in environments where they have little control over the operation.
The high costs of operation are mainly associated with the acquisition and use of
the main piece of equipment, the airplane. Whether the flight is sitting on the ground or
in flight, the flight will be accruing costs for such items as the flight crew and fuel. To
produce a profit, airlines must manage these operational constraints to gain any efficiency
possible to control and manage costs. In addition to the challenges faced when
everything is working correctly, the system is subject to variations.
With the airline managing costs of operation, the control of the movement of a
flight as it moves from one airport to the next is controlled by a third party. This third
party is a governmental entity that monitors and controls the air traffic system to ensure
that the system stays within the inherent capacity constraints and that each flight moves
through the system as safely as possible. The air traffic system can be divided into
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several segments that reflect various functions or segments of the flight. The research
community has identified these various segments by focusing research projects on one
segment or another. However, these research efforts generally do not consider the impact
of a preceding segment on the segment being studied, nor its impact the next segment.
In this paper, we present a general framework for integrating two of the
operational segments, the gate assignment and aircraft taxi problems. As part of this
framework, we translate the combined problem into a job shop scheduling problem. This
paper presents the results of applying a genetic algorithm to solve the integrated problem
along with a stochastic approach to investigate variations in the travel times.
In section 3.2, we present an overview of the key parts of the air traffic system
and research to date for the taxi problem and gate assignment problems. Section 3.3
presents the framework and problem definition for the combined approach. Section 3.4
presents the results of the solution process, and Section 3.5 summarizes the research and
identifies potential research opportunities.
3.2

Background
While the customers’ views of the system provide a simplistic window into the

movement of passengers and freight, they do not provide sufficient detail to adequately
describe the complexities of the system and the movement between an origin and
destination. This hidden complexity has driven airlines’ cost and schedule structures.
Some of these costs are directly related to the customer and their interaction with the
service provider. Over the past few years, customers have been bombarded by a number
of fees for everything from bringing an extra bag to paying for a meal on a flight.
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However, these fees, while beneficial to the airline, do not impact the base operation of
the airline, moving the flight from an origin to a destination.
The system used for moving aircraft between two points is often referred to as the
air traffic system. This complex system provides a process for safely moving aircraft
within a designated air space. As air travel and the demand for air freight movement has
increased over time, the complexity of the control systems has increased. The
complexity of the airspace in turn has driven higher operating costs in the airline
industry, and the need for determining the most efficient method of operating the system
has become a ripe area for research. In order to understand the research and the problems
faced in operating an airline and the air traffic system, it is important to comprehend how
each operates and interacts.
3.2.1

Service Models
The airline business provides a simple service, moving passengers and freight

between two points using three operation models: passenger only, mixed (passenger and
freight), and freight only. Each model may operate a point-to-point or a hub and spoke
system. In a point-to-point operation, the passengers and/or freight are moved from a
specific origin to a specific destination. In a hub and spoke system, the airline collects
passengers and/or freight from a number of origins (spokes), moves them to a central
location (hub), sorts the passengers and/or freight, and moves each item/person to its
destination
The passenger model focuses on the movement of passengers through the airline
system, with the main interaction point being the customer and the main measures being
their convenience and satisfaction. In the literature, the focus has been on moving
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passengers through the terminal facility and minimizing the distance the passenger travels
within the facility while allowing the flight to depart on time [2-5, 22, 23]. In this
context, customer satisfaction is measured by the movement around the terminal, while in
reality customer satisfaction is most achieved by arriving at the desired destination by the
promised time.
In the mixed model, excess cargo space in the flight (the space remaining after the
passenger luggage has been loaded) is used to move freight. The limiting factors for this
operation model are the amount of space available and the destinations available, since
the cargo must travel where passenger flights are already planned. The passenger portion
of this model operates in the same manner as the pure passenger model. In both research
and reality, cargo customer satisfaction is measured by the cargo arriving at the desired
location at the stated time.
Freight only operations follow one of three modes: charter operations, scheduled
operations, and scheduled operations handling express and parcel movements. In charter
operations, an aircraft is contracted to move specific freight between two defined points
with the charter freight carrier providing the aircraft and staff, and operating on an as
needed basis. Satisfaction is measured by the service provider meeting the terms of the
contract or charter. Scheduled operations encompass not only large freight units, but also
parcels. Larger freight units are tendered to the freight line, moved through a sorting and
transportation network and then delivered to the destination. Parcel transportation
follows the same essential process as the larger freight units, with the sort processes
utilizing more automation to complete the sort process. The scheduled operation
functions within defined operating and movement parameters and timeframes (much like
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a scheduled passenger airline). The customer interaction points are at the tendering site at
the start of the process and at delivery, and satisfaction is measured in terms of on-time
delivery of the parcel or freight.
3.2.2

Air Traffic System
All airline operations are impacted by two basic, interrelated factors: fuel costs

and air traffic movement. Efficient movement of an aircraft through the air traffic system
will naturally lead to more efficient fuel usage through the use of more direct routings,
shorter holding time waiting for a landing spot and fewer mid-route changes due to
conflicts (potential violation of horizontal and vertical separations between aircraft). The
complexity of the procedures involved in moving the flight from the origin to the
destination combined with the sheer volume of flights moving through the system
introduces a level of uncertainty in maintaining schedules.
The air traffic system is designed to safely move aircraft from origin to
destination by maintaining horizontal and vertical separation between each aircraft, and is
controlled by a series of air traffic controllers who each oversee a sector or portion of the
system. The routing of a flight through the air traffic system is determined by a set of
way points which represent fixed points on a map. Although flights may be routed
through any number of way points, scheduled airlines tend to use preferred routings or
sets of way points. These choices are typically made for fuel conservation and schedule
adherence. Once the routing is determined and the flight has been initiated (left the gate),
the air traffic system guides the flight safely through the chosen routing.
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For all flights, there are a series of steps or phases that the plane passes through as
it moves through the air traffic control system. While there are a number of steps, the
following are the steps impacted by the research:
1. Pushback or gate departure – The flight departs the gate and prepares for
taxiing around the airport. The time associated with this phase is used by
the regulatory bodies to measure on-time departure performance.
2. Taxi out – Once the flight leaves the gate, it moves to the runway for takeoff. Depending on the status of the operation (hub or non-hub airport), the
flight may taxi in areas controlled by an airline. This is commonly termed
ramp movement or control. Prior to entering the airport controlled area,
the flight will pass a point where control of the flight is passed from the
ramp controller to the ground controller who coordinates the movement of
each flight moving around the airport. In this phase, the flight is moved to
the runway for take-off.
3. Take-off or airport departure – At this point, the flight is handed off to the
local controller who sequences it with other departing and arriving flights
for use of the runway and air space. After the flight clears the runway, it
is handed off to the approach controller. This phase not only includes the
use of the runway, but also the departure air space around the airport.
The air traffic system is complex with a number of independent and dependent
features making modeling it difficult. Within the air traffic system, there are assignment
problems, network flow problems, inventory problems and scheduling problems. Each
one of these problems has unique formulation and solution techniques.
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The goal of any analysis of passenger movement is to minimize the distance
traveled, with the distance measured from three aspects: 1) passengers departing the
terminal, 2) passengers arriving at the terminal and 3) passengers traversing the terminal
(connecting flights). Numerous efforts have been made to study assigning gates to
minimize the time spent transferring between aircraft [2-5, 22, 23]. Ding et al. [8]
expanded on the travel distance by including embarking and disembarking passengers.
Several studies refer to generic walking distance. Unfortunately, these studies do not
distinguish between transferring passengers and those who either start or end their travel
at a specified airport [9-11].
The gate represents a costly asset for the entity responsible for the operation of the
gate and the assignment of the flight to the gate. In order to achieve a return on the
investment, fees are charged for the usage of the gate. The goal of the assigning entity is
to maximize the number of aircraft using the gate and therefore the funding derived from
the usage. Gate usage models can be divided into two categories: time spent occupying a
gate and time and effort spent moving aircraft between gates and between gates and
temporary parking spots. There have been a number of studies that have investigated
maximizing the time a gate is occupied [12] or minimizing the amount of time a gate is
empty [13-15]. A number of studies combined the passenger movement models and
assumptions with gate usage to develop assignment models. Ding et al. [8] combined
passenger movement (transfer, embark and disembark) with minimizing the number of
flights that were not assigned gates at arrival. Hu, et al. [10] added baggage travel time to
passenger movement and “ungated” flights.
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As a problem set, aircraft movement is defined as the movement of aircraft from
an origin to the runway for take-off. Within this definition, the problem statements look
at both arriving (landing) and departing (take-off) aircraft and the efficient movement
through the airport complex to and from gates. Embedded in the assumptions are the
supply and demand points for the problem. The supply is generally considered to be
from some entry point. There is little consideration in the research for the origin and
destination of the flights and the impact these points have on the movement. Although the
starting point will impact the time spent moving about the airport, the routing of the
aircraft from its starting point (whether a gate or a hand off point) to the departure point
(runway) is a greater portion of the time spent in movement and waiting. To mitigate
delays, efficient sequencing of the aircraft coupled with the use of the most efficient
routings provides a way to minimize time spent on the ground (moving but not flying).
The major challenge impacting the entry of aircraft into the system is that the controllers
do not determine the queue of aircraft presenting themselves for movement authority. To
overcome this challenge, scheduling the movement of aircraft around the airport (taxiing
between the runway and the terminal gates or apron) can be used [24]. Once the aircraft
is provided taxi authority, it is critical to avoid conflicts (two aircraft meeting on a single
taxi way or two aircraft trying to traverse the same intersection). It is critical to plan
movements ahead of time to identify these conflicts and resolve them with proper
routings [17, 18].
Most of the gate assignment problems investigate the gate assignment as a
function of customer satisfaction and service resources. An extension of this formulation
coupled with the aircraft movement problem investigates gate usage. In settings where
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there is not a defined inbound and outbound movement, there is the possibility of an
assigned gate being occupied when the inbound flight arrives. Narciso, et al. [6]
investigate two approaches to mitigating the negative impact of gate blockages by
determining the number of gates needed to support a schedule with minimum blockages
and developing various policies to mitigate the negative impact on customers given a
fixed number of gates. Castaing, et al. [25] approach the problems associated with gate
blockages by developing an approach that provides a gate assignment which minimizes
the incidents of gate blockages. Departure metering is used to control the number of
taxiing aircraft while maintain availability to the departing runways. Kim, et al. [26],
develop a gate assignment approach to minimize the impact of metering on gate
blockages.
Both research areas focus on the specific task at hand, but do not consider how
one area impacts the other. With gate assignments, the focus is on the gate and not the
effects of the assignment on the operation of the flight. With the movement, there is little
or no consideration for the origin of the flight and the impact the origin has on the overall
problem. Ravizza et al. [19] did note there is benefit to “connecting” the aircraft
movement problem with the assignment problem. Maharjan, et al. [20] present a
combined approach integrating the efficiency of the airline with the convenience for the
customers. In this approach, the metrics are reduced to cost variables. Multiple objective
function problems using cost as a metric run the risk of one set of costs overshadowing
the other costs and therefore driving the model solution. For example, if the costs of
operating an aircraft are magnitudes greater than the customer service costs, the result
will have a tendency to be driven by the aircraft costs.
81

Given the lack of connectedness between the flight moving around the airport and
the origin of the flight within the airport, research needs to be conducted to connect these
areas. Our effort proposes a framework for developing a solution approach and
quantifying the goodness of the solution. We propose a genetic algorithm to optimize the
resulting gate assignments based on the delays caused a late departure from the gate and
the delays during taxiing, connecting gate assignment with the movement of the aircraft
through the ramp.
Operating to a schedule brings a certain level of inherent risk and an overall goal
to operate as closely to the schedule as possible. Imbedded in the schedule are aircraft
movements as well as staffing placements. These are all integrated to have the correct
aircraft at the appropriate spot with the needed crew to support a flight. While the
schedule is the rule, there are unplanned random events that impact adherence. Some
cannot be planned around and must be dealt with when they occur, such as weather and
mechanical issues. Others may be planned and dealt with within the planning arena.
When the schedule is developed, consistent issues (such as air traffic routing and runway
congestion) are built into the timing of the schedule. Other issues are accommodated by
adjusting the travel times or gate availability. A common gate availability strategy is to
pad or buffer the gate availability time with extra time [6]. This approach maximizes the
availability of a gate when needed.
A second method of managing unforeseen circumstances or the normal variation
in the operation is to use a stochastic approach. While the operation may be planned for a
fixed travel time and speed to the aircraft, the actual speed will vary between pieces of
equipment and operators. Taxiing aircraft experience the same issue. Roling, et al. [27]
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use average travel times based on aircraft size and do not consider the variation. It is a
well-known concept in simulation to use randomness or stochastic modelling to
accommodate variation in the system. So to accommodate variation in the process,
stochastic processes can be used for travel times.
3.3
3.3.1

Method and Materials
Integrated Framework
For purposes of researching gate assignments and their impact on the movement

of the aircraft from the departure gate to the runway and thus the operating costs of the
airline, the research area is defined as the ramp. The ramp, also referred to as the
terminal area, includes the sorting facility, the aircraft gates, and the associated taxi areas
up to the exit point where control is transferred to the airport FAA tower.
Figure 3.1 details the parts of a ramp used for freight operations. These include:
1. Sort building – The facility where packages and freight are sorted by
destination and prepared for flight. All packages are placed in containers
for transport and loading into a departing aircraft.
2. Gate lead-in lines – The lines that provide the pilot with guidance in
placing the aircraft correctly in the gate. Where these lines intersect the
centerline of the taxi lane represents a nodal point for measuring the
distance and time for aircraft movement.
3. Gates – The parking spaces for the flights. Each departing aircraft
originates from a gate and travels through the taxi lane to the exit point.
The gate is also the end point for freight when moved from the sort
building.
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4. Vehicle drive lanes – Defined areas within the terminal where vehicular
traffic is allowed to operate. The main users of the areas are the tugs and
dollies used to move the containers from the sort building to the gates.
5. Aircraft taxi lanes – These lanes function as the roadway for the aircraft
moving through the terminal area. The taxi lanes are fixed routes that
every arriving or departing flight must traverse to enter or exit the gate
area.
6. Traffic control spot (exit point) – The point where control of aircraft
movement transitions from the local tower to the FAA tower.

Figure 3.1

Freight Terminal Area

In previous formulations for the assignment model, the objective function covered
moving the passenger or freight to and between aircraft [3-5]. While this provides for
efficient movement between flights, it does not consider the impact of the gate
assignment on the overall operation of the airport. Similarly, the aircraft movement
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problem objective functions set a goal of minimizing the travel time and establishing an
ideal or optimized movement [12, 14]. While this approach presents an optimized
movement, it does not adequately measure the interaction of the source of the flight with
the movement. The challenge faced in formulating the gate assignment problem and the
taxi movement problem as a single problem is integrating two similar yet different
problems. Joining these two problems into a single problem requires three steps:
problem definition, delay definition and solution techniques.
3.3.1.1

Problem Definition
In defining the problem, the metric for measuring success and quantifying results

needs to be developed. In any transportation system, the ultimate measure is time and
adherence to the schedule. By using time, the transportation system can be modeled in a
number of environments and opens itself up to a wide variety of solution techniques and
processes. For ease in demonstrating the concepts in developing a solution to the unified
problem, a freight ramp (as shown in figure 3.1) will be used with the accompanying
freight operation. (Although focused on freight, the concepts discussed in the following
paragraphs can be extended to a passenger operation.) Along with using time, an
effective metric is tracking the delays incurred throughout the system. With this
approach, delays in departing the gate and delays incurred while taxiing are combined
into a single approach. Although these areas are combined, they can be analyzed and
tracked separately.
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3.3.1.2

Delays
Congestion is a prime cause of delays. How the modeling environment handles

congestion and the resulting delays (and whether or not the congestion should be
considered) become an important factor. Most companies using equipment movements
within their operation have a set of standards that are used for operations planning as well
as forecasting capital requirements. The most common methods for defining these
planning values is either a set travel time (the time to move from point A to point B) or
speed and distance. These values are typically based on a study or modelling effort.
Within a ramp, a flight is impacted by two types of delays, gate and taxi. Each
delay covers a specific portion of the movement of the freight or passengers and the flight
through the system. The proposed approach tracks and coordinates these delays to
develop a unified solution that optimizes the ability of the flights to maintain their
schedule.
3.3.1.2.1

Gate Delays

A gate delay is the lateness of a flight departing from the gate when compared to
the scheduled departure time. There are several points in time that can be used to
measure the delay and establish the actual departure time. In the proposed approach, the
departure time is defined as the time when the flight is loaded and has asked for clearance
to depart the gate.
With the control point for the departure defined as the point where clearance is
requested, delays can be caused by a number of items, some of which are controllable
and some that are not. Controllable delays arise due to the events that occur while
transporting freight from the sort location to the gate, while uncontrollable delays follow
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as a result of equipment failures, poor employee and/or equipment performance, late
operations, weather and a myriad of other random events with a very low rate of
occurrence. In this study, the focus is on controllable delays that arise due to congestion
at intersections and around the gates due to the impact of the load/unload operations
interfering with traffic.
Most companies employ a set of standard travel times based on a set distance
from one point to the next and a standard travel speed. These values are readily available
and are typically used across the company for a number of modeling efforts and are
accepted. These values follow a specific route and do not consider driver selection of a
route or any congestion on the route. To model these features, any approach would need
to build multiple modules to reflect the random nature of these events with little
improvement in the end result.
3.3.1.2.2

Taxi Delays

Taxi delays are a measure of a flight’s ability to move through the ramp
environment. These delays are measured from the point when the flight is ready to depart
the gate to the point where the flight exits the modeled environment. By selecting the
transition from gate delays to taxi delays as the point in the process where the flight is
ready for departure, the taxi delay captures time spent in the gate waiting for the taxi path
to clear to allow the flight to occupy the first segment of their taxi path. This wait time,
as well as the time spent moving through the remaining segments on the route to the exit
point, constitutes the taxi delay and provides an overall measure of the congestion in the
taxi system.
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As the flight leaves the gate and moves into the taxi environment, the flight can
also experience controller delays. Controller delays are caused by issues with the air
traffic controllers who control a plane’s path while taxiing, while the taxi delays are
caused solely by congestion. In addition to the controller delays, flights can incur delays
due to congestion caused by a flight suffering a mechanical failure while taxiing and
blocking the route. While mechanical problems do occur, they do not present a sizable
number of incidents and are uncontrollable. Our focus on controllable delays means only
congestion related delays will be investigated and tracked.
3.3.1.3

Segmentation
In order to monitor aircraft as they move through the modelling environment, the

taxi route needs to be divided into segments. Each segment represents a portion of the
route that one and only one aircraft may occupy. In general, there are two ways of
establishing and using the segments. The first method is essentially a dynamic
segmentation. In this method, a bubble is established around the aircraft and all
movements occur as long as the bubble boundaries are not violated. To track location
and determine whether or not the bubble boundaries have been violated, the bubble is
defined by a series of segments starting in front of the taxiing plane and ending behind
the rear of the aircraft. This definition will take on the characteristic of being a specified
number of segments in front of the plane and a specified number of segments behind the
plane. For example, assume the taxi path is defined by a number of segments such that
the size or length of the segment is small enough so that the plane occupies 50 segments.
The separation between taxiing aircraft is defined as 40 segments. Therefore, the bubble
would be defined as 130 segments (40 in front, 50 for the plane, and 40 behind). As the
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flight taxies through the network, the bubble updates by adding a segment in front and
releasing a segment in the rear. This method can generate the most capacity and reduce
the amount of congestion, but it also requires the most computational effort with little
benefit in the given environment.
The second method is to establish defined static segments, where the segment
sizes remain constant regardless of the aircraft size. With this approach, two facts will
need to be determined: capacity and aircraft fleet. With the constraint of one and only
one aircraft per segment, the segment size must be determined based on the largest
aircraft to be considered. Using too large of a segment will result in lower capacity and
greater congestion and delays. By establishing the segment length based on the largest
aircraft, the number of usable segments at any given time is maximized since empty or
buffering segments are not needed to maintain separation while enforcing the occupancy
requirements and avoiding the overhead of dynamic spacing.
The ultimate goal in modeling the taxi movement is to accurately model the
process while balancing this need with the ability to produce an answer within an
acceptable time. Within our approach, we are modeling the taxi segments that are sized
to the approximate size of the largest aircraft. This approach breaks each taxi path into a
single network with a single path. By using this method for sizing the segments, we
strike a balance between controlling the movements, operational speed of the model, and
taxi path capacity (how many planes can taxi at one time on a given taxi path).
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Notation and Terms

3.3.2

Within the problem definition, the airline schedule will be used as a data source.
This schedule establishes the baseline departure time. The model formulation will use a
number of terms to define specific times relating to the schedule.


Schedule departure time - the time in the published schedule that the flight
should leave the gate. This time will be used for establishing delays.



Pushback time - the point in time where the delays transition from gate
delays to taxi delays. This is the actual or modeled departure time based
on when the flight is ready to leave the gate.

3.3.2.1
3.3.2.1.1
G(j)
M
𝑅(𝑖)
R
i
j
k
l
f

3.3.2.1.2
𝑔

𝑑𝑖𝑗
𝑡
𝑑𝑖𝑗
𝑡𝑒𝑟
xij

Notation:
Set and indices
The set of gates that meet the restrictions for flight j
The set of all gates
The set of taxi segments representing the taxi route from gate i to the exit
point
The set of all taxi segments such that 𝑅(𝑖) ∈ 𝑅
Member of the set of all gates
Member of the set of all flights to be assigned
The arrival gate/location of origin
A member of the set of taxi segments 𝑅(𝑖)
The entrance point of a gate into the taxi path as represented by the first
segment in the path

Variables
The delay of flight j departing from gate i due to late freight to the gate.
The delay of flight j departing from gate i due to traffic movement across
the airport complex.
The exit time for a flight exiting segment r
Flight j is assigned to gate i.
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3.3.2.1.3
𝑓(𝑥)
𝑔(𝑥)

The pdf for the travel time from the arrival gate or sort location to the
departure gate
The pdf for the taxi time from the gate to the exit point
The expected arrival time of freight or passenger p from gate k to gate i for
flight j
Occupancy control for segment l and flight j
The expected time to load the last freight or passenger and prep for flight j
assigned to gate i
The number of gates
The number of flights
The expected pushback/departure time of flight j from gate i
The scheduled departure time of flight j
The time of freight or passenger p enters the system and is ready to move to
the gate
The time flight j enters segment l
The time required to move from gate i to the exit point e
The time required to move through taxi segment l
The time required to move from gate i to exit point e with no interference or
congestion
The time required to move through taxi segment l with no interference or
congestion

𝑒
𝑎𝑖𝑘𝑗𝑝

𝑏𝑙𝑗
𝑒
𝑙𝑡𝑖𝑗

m
n
𝑒
𝑝𝑖𝑗
𝑠𝑗
𝑠𝑐𝑝
𝑠𝑡𝑗𝑙
𝑚
𝑡𝑖𝑒
𝑡𝑙𝑚
𝑝
𝑡𝑖𝑒
𝑝

𝑡𝑙

𝑡𝑡𝑖𝑘𝑗𝑝
𝑤𝑖𝑗𝑒

3.3.3

Parameters

The travel time of freight or passenger p from gate k to gate i for flight j
The expected wait time in the queue for the last piece of freight or passenger
prior to loading

Assumptions
The following assumptions are used in this approach:
1. When operating a hub, the arrivals and departures occur in a short period.
This characteristic of a hub causes the traffic movements around the ramp
and airport to be generally one way in flow. This approach considers just
the outbound or departure process and therefore will assume that the taxi
movements will move in one direction, outbound.
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2. With the concentration of movement for hub operations, it is assumed that
all gates are available for assignment to an outbound flight.
3. All equipment and staffing needed to conduct the tasks will be available
when needed. The departure will not be delayed due to a lack of staffing
or equipment.
4. If a taxi conflict exists, priority is given to the taxiing aircraft. Departing
aircraft shall remain in the gate until there is a clear path to exit.
5. All planned tasks will be performed in accordance with proper procedures
and methods. The load will start according to the stated launch
countdown procedures.
3.3.4

Objective Function
With this problem, there are two sub problems: transport time (moving freight to

the aircraft) and taxi time (moving the aircraft from the gate). Each of these items can be
identified by separate objective functions. To combine the goals into a single objective
function, a multi-objective objective function is required. The first objective (Z1)
addresses delays leaving the gate due to freight movement through the terminal complex,
while the second objective (Z2) is to minimize the delay caused by movement through
the airport.
𝑔

min 𝑍1 = ∑0<𝑖≤𝑚 𝑑𝑖𝑗

(3.1)

𝑡
min 𝑍2 = ∑0≤ 𝑖 ≤ 𝑚 𝑑𝑖,𝑗

(3.2)

0<𝑗≤𝑛

0<𝑗<𝑛
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Using the model defined by Kuhpfahl [21] as a basis for developing the joint
model, the two objectives are combined to achieve a new objective function:
𝑔

𝑡
min 𝑍 = ∑0<𝑖≤𝑚 𝑑𝑖𝑗 + 𝑑𝑖𝑗

(3.3)

0<𝑗≤𝑛

The objective function is subject to meeting the constraints:
𝑝

𝑒
𝑡
+ ∑𝑙∈𝑅(𝑖𝑒) 𝑡𝑙 )
𝑑𝑖𝑗
= 𝑡𝑒𝑗𝑒 − (𝑝𝑖𝑗

∀𝑗, ∀𝑖

𝑔

𝑒
𝑑𝑖𝑗 = (𝑝𝑖𝑗
− 𝑠𝑗 ) ∀𝑗, ∀𝑖
𝑒
𝑝𝑖𝑗
≥ 𝑠𝑗

∀𝑗, ∀𝑖
𝑝

𝑠𝑡𝑗𝑙+1 ≥ 𝑠𝑡𝑗𝑙 + 𝑔(𝑥)𝑡𝑙

∀𝑗, ∀𝑖

𝑡𝑒𝑗𝑙+1 ≥ 𝑡𝑒𝑗𝑙 ∀𝑗, ∀𝑙
𝑒
𝑝𝑖𝑗
≥ 𝑡𝑒𝑖𝑓

(3.5)
(3.6)

∀𝑗, ∀𝑖

𝑒
𝑒
𝑝𝑖𝑗
≥ (𝑙𝑝𝑖𝑗 + 𝑙𝑡𝑖𝑗
)

(3.4)

∀𝑓 ∈ 𝑅(𝑖), ∀𝑗, ∀𝑖

(3.7)
(3.8)
(3.9)
(3.10)

∑∀𝑖 𝑥𝑖𝑗 = 1 ∀𝑗

(3.11)

∑∀𝑗 𝑥𝑖𝑗 = 1 ∀𝑖

(3.12)

𝑖 ∈ 𝐺(𝑗)

(3.13)

𝑡
𝑑𝑖𝑗
, 𝑑𝑖𝑗 ≥ 0

𝑔

∀𝑖, ∀𝑗

(3.14)

𝑥𝑖𝑗 ∈ {0,1}

∀𝑖, ∀𝑗

(3.15)

𝑒
𝑝𝑖𝑗
, 𝑡𝑒𝑗𝑒 , 𝑠𝑡𝑖𝑙 ≥ 0 ∀𝑖, ∀𝑗, ∀𝑙
𝑝

𝑡𝑙 > 0 ∀𝑖, ∀𝑗, ∀𝑙

(3.16)
(3.17)

The goal of this problem is to determine an assignment scheme that minimizes the
delays incurred by the departing flights. The objective function minimizes the delays
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moving freight or passengers to the gate and the delays associated with taxiing the flight
through the ramp area. The taxi delays must be non-negative (eq. 3.14) and not
arbitrarily set to 0 (equation 3.4). Equation 3.4 further defines the taxi delay as the
difference of the time the exits the system and the time it should exit the system if there is
no interference. The delays caused by freight or passengers arriving at the gate are
defined in equations 3.5 and 3.14. Equation 3.5 provides that the delay must be the
difference between the scheduled departure time and the actual departure. Equation 3.14
provides that the delay must be non-negative. Equation 3.6 provides that the departure or
pushback time must meet or exceed the scheduled departure time, further enforcing the
non-negative delays.
For an assignment scheme to be valid and feasible only one flight can be assigned
to one gate and the assigned gate must be able to accommodate the flight. Equation 3.11
requires that for each flight only one gate may be assigned to the flight. Similarly,
Equation 3.12 states that for each gate, only one flight may be assigned. Equation 3.13
restricts the assignment to a set of gates that can accommodate the flight. Within
equations 3.11 and 3.12, 1 denotes an assignment and 0 denotes no assignment (equation
𝑒
3.15). With this assignment, there can only be one push back time (𝑝𝑖𝑗
), one scheduled

departure time (𝑠𝑗 ), and one set of taxi segments (𝑅(𝑖)) associated with a given gate and
flight combination.
In order for a flight to leave the gate and enter the taxi system, 3 conditions must
be met: all the freight or passengers must be on the flight, the flight cannot leave before
the scheduled departure time, and the taxi path must be clear. Equation 3.7 requires that
the push back time be no earlier than when the loading of the last passenger or freight is
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complete when flight j is assigned to gate i. Equation 3.6 states the flight cannot leave
the gate before the scheduled departure time when flight j is assigned to gate i. Equation
3.10 enforces that the segment used to enter the taxi system is clear. While the flight is
taxiing, two conditions must be met. First the flight cannot move to the next segment
until completing the current segment (equation 3.8). Prior to moving to the next segment,
any flight must have exited the next segment. Equation 3.9 enforces this constraint.
For a scheme to be feasible, one flight can only be assigned to one gate that can
accommodate the flight (equations 3.11, 3.12, 3.13). The flight cannot depart the gate
until all the freight or passengers are on the flight and cannot depart early (equations 3.6
and 3.7). Once the flight is ready to depart, there must be a segment ready to accept the
flight (equation 3.10). Once the flight is taxiing, it must complete one segment before
moving to the next (equation 3.8) and the segment must be available to receive the flight
(equation 3.9). In order for the problem to be feasible, all departure times, both
scheduled and actual, must be non-negative and all travel times must be positive
(equations 3.16 and 3.17).
The gate delay is the difference between the pushback time and the schedule time
(equation 3.4) with the pushback time being greater than the schedules time (equation
3.6). The gate delay must be a non-negative number as defined by equations 3.6 and
3.14. The taxi delay is defined as the difference between the time the flight exits the
system and the time it should have exited the system with no interference (equation 3.4).
The gate delay must be non-negative (equation 3.14).
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3.3.4.1

Gate Delay
𝑔

As defined earlier, gate delay, 𝑑𝑖𝑗 , arises when the pushback time exceeds the
scheduled departure time, sj. This delay is modeled and calculated as:
𝑝𝑒 − 𝑠𝑗
𝑔
𝑑𝑖𝑗 = { 𝑖𝑗
0

𝑒
𝑝𝑖𝑗
− 𝑠𝑗 > 0
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(3.18)

𝑒
The modeled pushback or gate departure time, 𝑝𝑖𝑗
, to a certain extent, depends on

the type of operation (passenger or freight), each definition is similar and reflects the
same metric. Pushback can only occur when all the passengers or freight has been loaded
onto the aircraft and all the related preparation tasks have been completed. Based on
assumption 3 in section 3.3.3 the load process will not be delayed due to a lack of
equipment or staffing, the last piece of freight or passenger arriving at the gate will drive
the pushback time.
Based on operations, three possible conditions exist that determine the pushback
time based on the time of arrival of the last piece of freight (or passenger): arrival while a
queue still exist at the gate, arrival and no queue is present, and late arrival (the plane is
𝑒
being held for the last piece of freight). If 𝑎𝑖𝑘𝑗𝑝
is the expected arrival time of each piece

of freight p from sort location k to departure gate i for flight j (or passenger p from
gate/door k to departure gate i for flight j), then the arrival time of the last piece of freight
(or passenger) represents the constraining time for departure. Therefore, the last arrival
can be defined as:
𝑒
𝑀𝑎𝑥(𝑎𝑖𝑘𝑗𝑝
) for all passengers/freight p arriving at departure gate i for flight j
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(3.19)

The pushback time can then be determined based on the system state when the
last piece of freight arrives. Upon arrival, there will be either a queue or no queue of
freight waiting to be loaded. If there is no queue, then:
𝑒
𝑒
𝑝𝑖𝑗
= 𝑀𝑎𝑥(𝑎𝑖𝑘𝑗𝑝
) + 𝐴𝑖𝑟𝑐𝑟𝑎𝑓𝑡 𝑙𝑜𝑎𝑑/𝑝𝑟𝑒𝑝 𝑡𝑖𝑚𝑒

(3.20)

However, if there is a queue when the last passenger or freight arrives at the gate,
this indicates that the last freight item must wait for all the items ahead of it to be loaded:
𝑒
𝑒
𝑝𝑖𝑗
= 𝑀𝑎𝑥(𝑎𝑖𝑘𝑗𝑝
) + 𝑤𝑎𝑖𝑡 𝑡𝑖𝑚𝑒 + 𝐴𝑖𝑟𝑐𝑟𝑎𝑓𝑡 𝑙𝑜𝑎𝑑/𝑝𝑟𝑒𝑝 𝑡𝑖𝑚𝑒

(3.21)

Therefore, the pushback time is defined as:

𝑒
𝑝𝑖𝑗

={

𝑠𝑗

𝑒
𝑒
𝑖𝑓 𝑀𝑎𝑥(𝑎𝑖𝑘𝑗𝑝
) + 𝑤𝑖𝑗𝑒 + 𝑙𝑡𝑖𝑗
≤ 𝑠𝑗

𝑒
𝑒
𝑀𝑎𝑥(𝑎𝑖𝑘𝑗𝑝
) + 𝑙𝑡𝑖𝑗

𝑒
𝑒
𝑖𝑓 𝑀𝑎𝑥(𝑎𝑖𝑘𝑗𝑝
) + 𝑤𝑖𝑗𝑒 + 𝑙𝑡𝑖𝑗
> 𝑠𝑗

(3.22)

𝑒
The load times (𝑙𝑡𝑖𝑗
) used in the solution process reflects the standard times used

by the airline. In the case of a freight airline, the standard load times will include the
time to move and secure the container to the appropriate position in the aircraft. These
times usually exist within an airline’s repositories of work measurement standards.
With the gate area being populated with passengers or the gate being staged with
freight, a queue will exist prior to and during the loading process. The time each
passenger spends within the queue will not generate a wait time, 𝑤𝑖𝑗𝑒 , when the passenger
or freight arrives at the gate during the normal loading process (see assumption 5). If
there is a single late passenger of piece or freight, a queue will not exist and the wait time
will be zero. In these cases, the wait time, 𝑤𝑖𝑗𝑒 , will be zero. In cases with multiple late
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arriving passengers or freight, the wait time in queue will extend the load process and
delay the flight completing the load process and leaving the gate.
3.3.4.2

Taxi Delay
A flight encountering congestion from other taxiing aircraft will accumulate taxi

delays. From the ramp in figure 3.1, the taxi system is illustrated in figure 3.2, nodes G1G5 denote the gates, nodes T1-T5 denote the entry point for a given taxi segment for
taxiing aircraft and S1 is the exit spot from the ramp. Using this system, a directed graph
(figure 3.3) can be generated to describe movement of aircraft from gate to the exit. As
has been previously defined, R is the set of taxi segments within a ramp. For this
example:
(𝐺5𝑇5), (𝐺4𝑇4), (𝐺3𝑇3), (𝐺2𝑇2), (𝐺1𝑇1), (𝑇5𝑇4),
𝑅={
}
(𝑇4𝑇3), (𝑇3𝑇2), (𝑇2𝑇1), (𝑇1𝑆1)

Figure 3.2

Taxi Flow
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(3.23)

Figure 3.3

Taxi Flow Diagram

The routes that the aircraft within each gate takes to exit the ramp have been
further defined as subsets of R. For example, the route from gate 2 to exit spot S1 is
defined as: 𝑅(𝐺2𝑆1) = {(𝐺2𝑇2)(𝑇2𝑇1)(𝑇1𝑆1)}. In general terms, let r be a taxi route
segment such that 𝑟 ∈ 𝑅 and 𝑅(𝑖𝑒) is the set that represents the route from gate i to exit
point e and 𝑅(𝑖𝑒) ⊆ 𝑅 ∀𝑖, 𝑒.
Within the taxi process, the segment occupancy is strictly controlled as one flight
may occupy only one segment at any given time. Enforcing this requirement can take
one of two forms. First, there is the absolute method of tracking occupancy by managing
the inventory of flights in a given segment.
∑𝑙∈𝑅(𝑖𝑒),∀𝑗 𝑏𝑙𝑗 = {0,1}

(3.24)

𝑏𝑙,𝑗 is 1 if flight j occupies segment l, or zero if not. This constraint states that for
each segment l, the sum of occupancy assignments for all flights must either be zero for
unoccupied or one for occupation. By limiting this constraint to one, no more than one
flight can occupy the segment. Similarly, the sum of occupancy assignments for all taxi
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segments for each flight j must either equal zero if the flight is not in the system or 1
designating that the flight is occupying a segment in the taxi path.
In this system, there are two travel times that are tracked and used to determine
𝑝

taxi delay: planned time and modeled time. The planned time, 𝑡𝑖𝑒 , is the time it would
𝑚
take for an aircraft to move from their gate (i) to the exit (e), while the modeled time, 𝑡𝑖𝑒
,

is the same movement but taking into account delays due to interference or congestion.
𝑡
The total taxi delay, 𝑑𝑖𝑒
, for a flight moving from gate i to exit point e becomes the

difference between these values:
𝑝

𝑡
𝑚
𝑑𝑖𝑒
= 𝑡𝑖𝑒
− 𝑡𝑖𝑒

(3.25)

𝑡𝑙𝑃 is the planned travel time on taxi segment l, where, again, 𝑙 ∈ 𝑅(𝑖𝑒) and is
𝑃
fixed for each segment. 𝑡𝑖𝑗
is a fixed value for each gate and exit point combination. The

resulting equations for our example are:

𝑝

𝑃
= ∑𝑙∈𝑅(𝑖𝑒) 𝑡𝑙𝑃
𝑡𝑖𝑒

(3.26)

𝑃
𝑡𝐺2𝑆1
= ∑𝑙∈𝑅(𝐺2𝑆1) 𝑡𝑙𝑃

(3.27)

𝑝

𝑝

𝑝

𝑡𝐺2𝑆1 = 𝑡𝐺2𝑇2 + 𝑡𝑇2𝑇1 + 𝑡𝑇1𝑆1

(3.28)

𝑚
Likewise, the modeled travel time, 𝑡𝑖𝑒
, is the calculated time required for a flight

to move from the gate to the exit point taking into account delays due to interference or
congestion:
𝑚
𝑡𝑖𝑒
= ∑𝑙∈𝑅(𝑖𝑒) 𝑡𝑙𝑚

(3.29)

𝑡𝑙𝑚 represents the time the model calculates a flight will require to move through
taxi segment l such that 𝑙 ∈ 𝑅(𝑖𝑒). The time to move through a given taxi segment is the
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difference between the time the flight enters the segment and the time the flight exits the
segment. For gate 2, composed of three segments the time will be defined as shown in
equations 3.30 and 3.31.
𝑚
𝑡𝐺2𝑆1
= ∑𝑙∈𝑅(𝐺2𝑆1) 𝑡𝑙𝑚

(3.30)

𝑚
𝑚
𝑚
𝑚
+ 𝑡𝑇1𝑆1
𝑡𝐺2𝑆1
= 𝑡𝐺2𝑇2
+ 𝑡𝑇2𝑇1

(3.31)

Given that aircraft move sequentially through a series of segments from their gate
to the exit, occupancy of a specific taxi segment can be determined from the time horizon
and the exit time from the segment. In this way, if the exit time of the last flight to taxi
through the segment precedes the time horizon, the segment is unoccupied. Similarly, if
the exit time from the segment is beyond or past the time horizon, the segment is
occupied and another flight may not enter until the segment is freed. Given this, the exit
time for segment r is defined as 𝑡𝑒𝑟𝑚 such that:
𝑝

𝑡𝑒 𝑚 + 𝑡
𝑡𝑒𝑟𝑚 = 𝑚𝑎𝑥 { 𝑟−1𝑚 𝑟 }
𝑡𝑒𝑟+1

(3.32)

where:
𝑡𝑒𝑟𝑚
𝑚
𝑡𝑒𝑟−1
𝑝
𝑡𝑟
𝑚
𝑡𝑒𝑟+1

The exit time from segment r
The exit time of the preceding segment, r-1
The planned taxi time for segment r
The exit time for the succeeding segment, r+1

For each clock tick in the model, the algorithm first moves each flight that is
scheduled to move and then looks to see if a flight is ready to pushback. Starting at the
exit path, the model moves sequentially through each segment in the taxi path, moving
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the flight in the segment if it is scheduled to move and the next segment in the path for
the flight is vacant. After moving all taxiing flight, the gates are checked for flights
scheduled to move into the taxi path. If a flight is scheduled to pushback, the model
checks for segment availability and moves the flight if the segment is available. If either
a taxiing plane cannot be moved or a flight cannot be pushed back as scheduled, the
scheduled movement times are incremented for checking at a later clock tick.
To illustrate the process, consider figure 3.3. The algorithm starts at S1 and looks
at T1S1. If the segment is occupied and the exit time is less than or equal to the clock
time, the flight is moved out of the system. The process then moves to T1. If the exit
time for T2T1 is less than or equal to the clock time, the flight is moved from T2T1 to
T1S1. The process continues until no more segments are available. After completing
this step, the process starts with G1. If the departure time is less than or equal to the
clock time and the entry segment, T1S1 is available, the flight is pushed back from the
gate and into the taxi network. If the segment is occupied, the flight remains in the gate.
The process then moves through the remaining gates.
Each travel segment has a set time to traverse the segment. While each segment
has a determined time to cross the segment, the time for each segment may not be
identical. This value represents the average time to cross the segment in the probability
function for the travel time. When a flight is pushed back, it will occupy the segment for
a longer period than the travel time. This introduces the possibility that a trailing aircraft
may need to pause or stop along the path, waiting for the pushed back flight to move and
the segment to clear.
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Stochastic model

3.3.5

The problem definition in section 3.3 represents the deterministic approach and
provides a static view of the problem and the process times. When trying to
accommodate variances in travel times, a stochastic model will need to be implemented.
Integrating the stochastic model requires modifying two groupings of times, the travel
time to the aircraft and the taxi time. When comparing the results, the random variable is
applied to the modeled times, not the standard times. This allows variation in the
“actual” times when compared to the plan or standard times.
To achieve this integration, the travel time from the arriving gate (in the case of
passengers) or the sort location (in the case of freight movement) to the departure gate, is
modified or adjusted in accordance with the applicable pdf.
𝑒
𝑎𝑖𝑘𝑗𝑝
is defined as the arrival time of a piece of freight (or passenger) at the

departure gate i and includes the arrival time or release of the passenger or freight into the
system along with the travel time from the entrance location k. Let 𝑠𝑐𝑝 be defined as the
clock time when the sort operations are complete and freight piece p is ready to move to
the gate (that passenger p enters the system) and 𝑡𝑡𝑖𝑘𝑗𝑝 be defined as the travel time of
freight piece or passenger p from sort location (or passenger gate) k to departure gate i
𝑒
for flight j. For freight operations, 𝑠𝑐𝑝 is constant for all pieces of freight. 𝑎𝑖𝑘𝑗𝑝
is now

defined as:
𝑒
𝑎𝑖𝑘𝑗𝑝
= 𝑠𝑐𝑝 + 𝑡𝑡𝑖𝑘𝑗𝑝

(3.32)

In applying the stochastic model, the travel will be modified by the appropriate
pdf, f(x).
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𝑒
= 𝑠𝑐𝑝 + 𝑓(𝑥) ∗ 𝑡𝑡𝑖𝑘𝑗𝑝
𝑎𝑖𝑘𝑗𝑝

(3.33)

Applying a pdf to the travel time, the deterministic case in equation 3.10 for
freight p from sort location k to departure gate i for flight j becomes:
𝑀𝑎𝑥(𝑠𝑐𝑝 + 𝑓(𝑥) ∗ 𝑡𝑡𝑖𝑘𝑗𝑝 ) for all passengers/freight p arriving
at departure gate i for flight j

(3.34)

This equation is substituted for the deterministic case to the stochastic case in
equation 3.19. In similar fashion, the modeled taxi time, equation 3.29, is modified by
adding 𝑔(𝑥).
𝑚
𝑡𝑖𝑒
= ∑𝑙∈𝑅(𝑖𝑒) 𝑔(𝑥)𝑡𝑙𝑚

3.3.6

(3.35)

General Model Design
Once the problem has been formulated, the solution technique can be chosen. As

described, the problem involves a series of times. This characteristic allows solutions
that use time as a major aspect. One technique is to format the taxi portion of the
problem as a job shop scheduling problem. In this instance, the travel times for each
segment are translated to the processing times in the scheduling model. The transit times
are applied as preprocessing to establish the time that a given flight enters the scheduling
model.
The flow of each aircraft through the system will follow a fixed routing unique to
the gate. Any given set of gates will share a fixed path (see figure 3.3). Within this fixed
system, aircraft will enter the system at varying points. To translate the taxi movement to
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the job shop, the two key elements must be translated. Within the job shop, each job
occupies a machine for a given time to complete the process at that machine. Within the
taxi problem, an aircraft will occupy a taxi segment for a given time. Therefore, the taxi
segment takes on the characteristic s of the machine and the aircraft will take on the
characteristics of the job. With the processing in the classical problem being defined as a
time component and the taxi movement being defined as a time component, the problem
now becomes easily translatable to the job shop problem.
Once the model has been established, any conventional heuristic may be applied
to achieve a solution. The preferred technique is to use a genetic algorithm. One of the
challenges to the problem is working within a manageable operating time. To improve
performance, the problem is reduced to smaller sets of gates and aircraft. The first step
will be to assign those flights or gates that have specific restrictions that limit their use.
Once these assignments are made, the remainder of the gates and flights can be assigned.
In solving the objective function within the job shop scheduling problem, the taxiing
times are tracked and used as the processing times. The total makespan for the system is
measured against the standard or base time to determine the total delays.
3.3.7

Data requirements
Any optimization effort relies on a certain amount of data. As discussed by

Castaing, et al.[25], finding usable historical data may not be possible. As with any
operation that runs on a network and schedule, like airlines, truck lines, and trains, using
historical data can be problematic. The challenges include changes in the schedule,
operational issues such as weather and equipment failure. With this in mind, data from a
number of data sources are required to support the solution process. These sources
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include an inventory of gates, an inventory of flights, a travel time matrix, and a taxi time
matrix.
The gate inventory is used to describe the gate. This information not only
includes the gate identifier, typically the gate number, but also describes or lists the
constraints for the gate that will impact assigning a flight to the gate. These constraints
will include aircraft size restrictions and service availability. While it would be ideal to
have each capable of parking every flight, that does not efficiently use the available land.
Therefore, there are size restrictions for each gate. Service availability includes items
such as fueling. There are some flights that may not be able to be fueled from tankers
(due to the amount of fuel to be transferred) and thus cannot be assigned to certain gates.
This inventory will also identify the gate order and where the gate enters the taxi process
(which segment).
The flight inventory is similar to the gate inventory. This inventory will include
data that identifies the flight and the required services that will impact the assigned gate.
While it would be preferable to have every aircraft the same, the operation will dictate
different sized aircraft to server various routes. This size variation will impact the
number of available gates. In addition to identifying the flight and aircraft, the inventory
will need to identify any limiting services such as fueling.
The travel matrix provides the distance the freight or passengers will travel from
point of entry into the system to the departing flight. In the case of passengers, this is
either the ticketing area or the connecting flight gate (arriving). For freight processes,
this is the point where the freight is placed in shipping containers or pallets for loading on
the flight.
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The taxi matrix provides details on the taxi path a flight will follow from the gate
to the point where the flight exits the system (see figure 2 and figure 3). This matrix will
be based on the individual travel segments and the time required for traversing the
segment. The matrix will also identify the previous and next segments to establish a
travel order or path.
Within the model environment, certain other data or information will need to be
used.
1. With this approach, the resulting algorithm will be time based. Given the
schedule, a baseline t0 is established. This will become t=0 for the start of
the model.
2. Prior to departure, time is required to load and complete the departure
preparations prior to handing the flight over to the flight crew. This time
is used in the preconditioning phase to determine on time launches.
3. While the taxi time is constant and independent for each segment, the time
to enter the system is much longer. This time covers moving the aircraft
from the gate to the taxi way and the final preparations by the flight crew
prior to starting to taxi.
3.3.8

Algorithm
The solution algorithm employs subdividing the problem into sub-problems. The

solution for the sub-problem is determined by using a genetic algorithm. The two
operations that consume the most time in the solution process is determining feasibility
and scoring the solution scheme. Databasing techniques are used to minimize the amount
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of time searching feasibility. By subdividing the problem, the scoring process is
shortened.
3.3.8.1

Sub divide the ramp based on independence
One key to solving the gate assignment problem is to subdivide the primary

problem into smaller problems. When the problem is subdivided into smaller problems,
the solution time is reduced due to a reduced solution space and a reduced number of
solutions to investigate. To accomplish this, the ramp and flights should be reviewed for
independence. In order for a set of gates, taxi paths and flights to be independent, each
population cannot be shared. For example, if there are a number of Airbus A-380 aircraft
in the schedule and there are a fixed number of gates that can accommodate the aircraft,
these can be considered independent if and only if the gates are only used by the A-380
and the taxi paths are only used by the A-380.
3.3.8.2

Model Design
The solution process leverages database processes and capabilities to enforce

feasibility during the initial population phase of the algorithm. The initial gate and flight
information is pulled from the set of gates and flights based on the pull criteria, taking
into account block independence. All flights are ordered by size prior to assigning to a
gate during the initial population phase of the model. The initial population produces a
fixed number of schemes representing the assignment of flights to gates. With the flights
ordered biggest to smallest (or most restrictive to least), the model ensures that the initial
population will produce a feasible solution, assuming that the number of flights for a
given restriction do not exceed the number of available gates.
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After producing the initial population, each scheme in the population will be
scored on two criteria, the time required to prepare the flight for departure (moving the
last passengers or freight to the flight and those actions required to close out the flight
and turn it over to the flight crew for departure or pushback) and taxi time to move from
the gate to the point of exit from the system. The first set of actions is used to
precondition the departure time.
With the departure or pushback time determined, the problem now takes on the
characteristics of a job shop flow problem. Flights are flowed through the taxi paths in a
similar fashion to the flow problem. Prior to moving the flight into the process flow,
conflicts with other aircraft are checked with preference given to active/taxiing aircraft.
The score for each flight represents the total delay minutes (delays for the flight meeting
the scheduled departure time and delays due to taxiing).
With the initial population scored, the population is sorted smallest to largest and
the minimum delays are determined. This minimum is the initial model solution. With
optimization defined as zero delay minutes, the model ends if the initial population
contains a scheme that has zero delay minutes. If optimization is not achieved, the
models begin the local searches to find the minimum solution.
The local searches use a variation of the genetic algorithm (GA). Within the GA,
the traditional approach is to use both a cross and a mutation operation. During
experimentation, either of these operations produced an optimized solution. The
candidate population of solutions is restricted to the number of initial solutions. After the
cross or mutation operation, the new scheme is scored, tested for optimality, and the
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population is sorted smallest to largest. If optimality is found, the routine ends. The
pseudo code can be found in Appendix A.
3.3.9

Solution technique
For problems of this type, a heuristic approach is generally used, with the genetic

algorithm being a commonly used heuristic. When a genetic algorithm is used, the
algorithm is tailored to the problem being solved and tuned to the situation. For this
problem, a genetic algorithm was used to optimize the problem.
The proposed algorithm uses a chromosome that represents the gate assignments
for a single test scenario. The data is coded with each element of the chromosome
representing a gate and contains the ID of the flight assigned to that particular gate. Both
the gate and flight identification information have been coded. With both the gates and
flights, the ordered data set pulled from the gate and flights databases are aligned to the
chromosome based on each one’s position in the data set (see Figure 3.4).

Gate
Chromosome position
Flight
Figure 3.4
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A20
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102

…
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N
xxx

Sample Chromosome

The proposed algorithm uses time units to track the events, both the time the
event is to occur and the duration of the event. In our approach, each time unit represents
one minute and is keyed off a specific time. This specific time represents t=0 and all time
measurements reflect the distance or elapsed time from that starting point.
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Within genetic algorithms, there are a number of approaches to manage the
population and insure that the fittest or best chromosomes are used to create new
members of the population. For this approach, the population will be ordered on the total
delay time in ascending order. The selection of schemes to use for the cross and mutation
will be defined as the number of schemes in the initial population. If the initial
population has 5 schemes, the best 5 schemes will be used for each generation in the
cross and mutate processes.
As part of the local search process, the cross procedure is performed once in each
generation as defined in Appendix B. At the start of the cross, two parents are randomly
selected from the best schemes in the population, a cut point randomly selected, and the
new scheme generated. In cases where the same flight appears on both sides of the cut,
the assignment from the first parent will be used. After populating the scheme, any
unassigned flights will be assigned to gates starting in the first position of the
chromosome. At each point, feasibility is reviewed and enforced. Each parent represents
a feasible solution, so any assignments brought directly from the parent are by definition
feasible. In cases where a flight is not initially assigned a gate, feasibility is checked
prior to making the assignment. If zero delay time is achieved, the algorithm stops
without entering the mutation process.
As part of the model tuning procedure, the chances of performing a mutation are
varied to balance model run time and solution quality. Most genetic algorithms use a
relatively low percentage for using the mutation process. In this approach, the mutation
will be used once in each generation (100% of the time). The mutation starts with
randomly selecting one of the parents from the cross operation. The process then
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identifies two flights/gates to swap. Prior to performing the swap, feasibility is checked.
If feasible, then the swap is made and the scheme is scored. If the swap results in an
infeasible solution, then a new set of gates is chosen. At the end of the mutation, the
schemes in the population are sorted in ascending order based on the total delay time
units and the cross/mutation process is repeated until optimization is achieved.
3.4
3.4.1

Results and Discussion
Problem Definition
A sample ramp and schedule representing a freight operation of 61 gates and 55

flights used for this study based on an actual ramp configuration and airline schedule.
With this type of problem, the number of steps for achieving the optimum solution as
well as the operating time will increase with problem size [28]. With the increasing time,
being able to decompose the problem into sub-problems can improve the solution time
and will be the focus of this research [20].
The experimentation will investigate two cases, one case with sub-cases and one
case without sub-cases. The size of the sub-cases is based on the grouping and sizes of
the gates, the type of aircraft that can use the gates, and the taxi path. Each gate in case 2
is represented in one of the sub-cases in case 1. The definition of the cases can be found
in Table 3.1, with Figure 3.4 illustrating the relationship between case 2 and the subcases of Case 1.
The general layout of the ramp complex and traffic management schemes provide
for a series of segments for a flight to move from the gate to the exit point. In cases
where there may be multiple paths, a preferred path is generally used for most movement
and the alternate paths are used when traffic or congestion require the alternate moves.
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These calls are generally made on a case-by-case basis during operations. For this
approach, each gate along a specific taxi lane has a defined path, one way out.

Table 3.1

Case Definitions

Case Sub-case
1a
1b
1c
2

1
2

Number Number
of Gates of Flights
7
7
12
11
42
37
61
55

Case 1
1a

1b

1c
Case 2

7

Figure 3.5

19

62

Case Schematic

The overall goal of this approach and model is to subdivide the complete problem
into smaller problems. Each of these sub-problems, by their composition and size,
presents an easier problem to solve with a smaller search space.
3.4.2

Speed Data
The ultimate measure of the solution is the level of delays incurred with each

layout. To measure the delays, the time to traverse a travel segment is measured and
compared to the planned or standard time required to move through the segment.
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Measuring the speed of any movement can provide challenges based on the operating
environment.
Within a deterministic formulation of the problem, these travel times define the
movement across the travel segments. In the stochastic approach, the travel time defines
the mean for a selected probability density function (pdf) used to model speed. With the
absence of data, two items need to be assumed. First, the planned time becomes the
mean time to traverse the travel segment, assuming no congestion. Second, the absence
of data makes determining the controlling pdf difficult; therefore, a triangle distribution
was used with the speeds varied by a percent distance from the mean (the minimum and
maximum values are the mean +/- a percent of the mean).
The goal of this study is to establish a gate assignment scheme that will support
zero delay time units. The delays will be measured at two points in the modelling
environment, the departure from the gate and the departure from the system. Within the
deterministic approach, both the planned and modeled travel times are fixed and
variations in the speeds and times are not allowed or measured, resulting in either no
delays or delays, with delays represented as positive numbers. Within the stochastic
environment, speed variations are expected and occur. This results in movement times
faster than the planned or expected time. This variation can mask delays, with faster
movement shown as a negative delay. The end result can be zero delay time units with
some aircraft moving faster and some being delayed.
In actual operation, variations are acceptable. However, when modeling the
environment, zero delays should truly mean zero delays. To strictly enforce this
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approach, any movement moving faster than planned will incur zero delay minutes (for
those moving faster than planned, the planned travel time equals the modeled time).
3.4.3

Data sets
Within any stochastic model, the use of random numbers needs to be managed

and the impact of the random number stream on the model should be minimized. To
control the impact and ensure that there is a consistent set of assignment schemes across
all runs of the model, as well as having a consistent data set for comparing stochastic and
deterministic approaches, a data set of 330 possible gate/route assignment schemes was
randomly generated. These schemes were grouped into 30 sets of 11 schemes and
numbered sequentially for common use. Each grouping is coupled with a random
number seed that is unique to that specific grouping. During the initialization process for
both cases, the schemes will be loaded according to the order defined in Table 3.2. When
subcases are used, the schemes will be loaded according to Table 3.2 for the flights and
gates that meet the parameters of the subcase.
Table 3.2
Scheme ID
1
2
3
4
5
6
7
8
9
10
11

Schemes Used in Initial Population
5
X
X
X
X
X

Initial Population
7
9
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

11
X
X
X
X
X
X
X
X
X
X
X
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The experimentation and models were developed with the practitioner in mind.
To support this, the data sets were not reviewed to determine if each data set and each
grouping was unique. When the model is used in practice, the initial populations will be
randomly generated and the solution determined. Similarly, the models were developed
using common desktop tools and each experiment run was completed on a PC that is
representative of a practitioners operating environment.
When random numbers are used for multiple items in a modeling environment, it
is always good practice to use multiple random number streams. To do this, an initial set
of random numbers are generated during initialization and stored for use in the mutation
and cross operations. This method provides separate streams for the local search
operations and the travel time calculations. An added benefit of this approach is that for
a given seed value, the same random numbers are used for a given cross and mutate.
The random numbers and the size of the population being optimized will impact
the speed of the search and solution. While the cross and mutate processes use the same
random number for each operation for a given initial population size, the number of
flights in the scheme will drive where the cut is made and how quickly the solution is
determined.
3.4.4

Results
With this problem, there are two parameters that drive the solution quality and

ultimately the solution time. The gate assignment problem is a problem resolving
position and relation. The position of the aircraft (gate assigned) and the relationship of
an individual flight to the other flights in the data set drive the delays or lack of delays.
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The position and relation concepts will drive the quality or how quickly a given data set
resolves to the optimal value.
The experiment consisted of 30 runs of the model for each of the four subcases
while varying the number of schemes used in the initial population using sizes of five,
seven, nine, and eleven schemes. Each experiment was initially populated from the same
set of assignment schemes (group 1 scheme 1 is the same in all experiments). It was of
interest to determine how the initial population size affected the run time of the system. A
larger initial population size would increase the odds that an acceptable solution would be
found earlier, but the expense of an increase in run time that is required to process the
extra population members.
The model was run on a Dell PC with an Intel Core I5-2400 CPU @ 3.1 Ghz with
4 GB of RAM. In each replication, the model achieved the optimized value (zero delay
minutes).

Two operational times were measured as part of the model, the time to

generate the initial population and the time to reach the optimal value using the local
search operation (mutation and cross).
Table 3.3 lists the results for the four different population sizes using a +/-5%
spread of the upper and lower bounds on the distribution. The optimized column shows
the number of runs or problems where the optimal value of 0 delays was found either in
the initial population or as a result of the local search. The run time values represent the
average performance of a given set of parameters and schemes over the 30 runs.
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Table 3.3

Results based on Population Size (+/-5% spread)

Stochastic
Deterministic
Optimized
Run Time
Optimized
Run Time
Local
Local
Num Init.
Local
Init.
Local Init.
Case
Init.
Search
Init.
Search
Schemes
Search (Sec.)
Search (Sec.)
(Sec.)
(Sec.)
1a
5
30
0
0.54
30
0
0.43
1b
5
30
0
0.65
30
0
0.53
1c
5
0
30
1.86
6.09 0
30
1.82
5.93
2
5
0
30
2.60
11.73 0
30
2.42 10.84
1a
7
30
0
0.76
30
0
0.58
1b
7
30
0
0.93
30
0
0.70
1c
7
0
30
2.74
10.58 0
30
2.48
9.41
2
7
0
30
3.65
11.77 0
30
3.20 10.22
1a
9
30
0
0.98
30
0
0.76
1b
9
30
0
1.19
30
0
0.93
1c
9
0
30
3.44
14.47 0
30
3.26 13.61
2
9
0
30
4.70
17.26 0
30
4.08 15.01
1a
11
30
0
1.19
30
0
0.91
1b
11
30
0
1.46
30
0
1.11
1c
11
0
30
4.36
19.87 0
30
3.85 17.39
2
11
0
30
5.53
19.49 0
30
4.97 17.51
The results in Table 3.3 show that for both the deterministic and stochastic modes,
increases in the initial population size drives longer run times, with the deterministic
process requiring less time than the stochastic approach. In addition to the time increases
due to initial population size, as expected increases in the number of flights/gates used by
the model increases model run times. (With the model run times measured in seconds or
fractions of a second, the background processes running on the computer, as well as size
of the data files, can impact the results and conclusions.) However, looking at the overall
run times (Figure 3.6), the sub-case approach yields a solution in shorter run time. When
considering just the local search, the sub-case approach will optimize with shorter run
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times than the complete case 1c vs. case 2, except when the a population size of 11 is
used, wherein the time for the case 1c is 0.38 seconds longer.

30

Total RunTime (Sec.)

25
20
Case 1a

15

Case 1b

10

Case 1c
Case 2

5
0
5

7

9

11

Initial Populaiton

Figure 3.6

Total Run Time by Population Size

Across all population sizes, the difference in the local search times between the
deterministic and stochastic approaches never exceeds 2.4 seconds. This means that there
are subtle factors impacting the solution time. These factors have been discussed earlier
and include the environment interaction, the quality of the initial schemes, and where the
cuts are made for reach data set.
To investigate the effects of the spread of the upper and lower bounds on the
triangular distribution, in addition to +/-5%, runs were also made at +/-10%, and +/-15%.
Figure 6 shows the results for cases 1c and 2 for an initial population size of 5 schemes.
These results show that the run time decreases with the increase in the spread. This
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decrease in run time can be tied to the variable nature of the taxi times and the impact on
the scheduled departure times. Independent of the spread, the solution procedure always
produced an optimal result with a run time of less than 20 seconds and was able to
accommodate large sized problems.

16
Average Run Time (Sec.)

14
12
10
8

Case 1c

6

Case 2

4
2
0
0.05

0.1

0.15

Bandwidth

Figure 3.7

3.4.5

Total Run Time, 5 Scheme Initial Population

Cross and Mutation
One of the challenges or dangers facing the use of heuristic solution techniques is

to ensure the solution is a system or global optimum and not a local optimum. To combat
this occurrence, the various heuristics employ a variety of techniques with the genetic
algorithm using a mutation operation. As seen in Figures 7 and 8, each operation settles
on the local value and eventually achieves the defined system optimal value. The prime
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driver of this settling is the population size. As can be seen in figure 9, the minimum,
maximum, and mean values are all equal. This indicates that the population being used
to generate new offspring contains schemes that have the same delay. The process then
continues until the cross and mutation generates an offspring that lowers the minimum
value. Each of the runs settles on a relatively small value, leaving little room to move the
minimum value lower.

4.5
4

Delay in time units

3.5
3
2.5

AvgOfDelay

2

MinOfDelay

1.5

MaxOfDelay

1
0.5
0
1

3

5

7

9 11 13 15 17 19 21 23 25 27 29
Generation

Figure 3.8

Model convergence, Case 2, 7 Scheme Initial Population
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3.5

Delay in time untis

3
2.5
2
AvgOfDelay
1.5

MinOfDelay
MaxOfDelay

1
0.5

1
8
15
22
29
36
43
50
57
64
71
78
85
92
99
106
113
120

0
Generation

Figure 3.9

3.4.6

Model convergence, Case 1c, 7 Scheme Initial Population

Mutation Rate
To avoid a local optimum, the mutation operation is traditionally used a small

percentage of the time. This model presents an exception to this approach. The modeled
environment applies the mutation process to one of the two parent schemes. As shown in
Table 3.4, as the percentage of iterations where the mutation is used increases, the
operation time and number of iterations required to achieve the optimum decreases. As
shown in Table 3.4, the initial run used the mutation 100% of the time. Additional runs
with 20% and 50% were used with the use/nonuse decision being based on a uniformly
distributed random number.
In each scenario, the model achieves the optimal solution. As the mutation
percentage increases, the number of offspring generated decrease and the operational
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time is reduced (measuring in terms of the number of offspring generated removes the
influence of background computer processes from the comparison).

Table 3.4

Mutation Percentage Impact on Solution

Percent
Mutation
(%)
20
50
100

Operation Time (sec.)
Min

Average

0.672
0.344
0.344

Max

29.434 83.180
15.800 67.969
6.079 20.328

Number of Offspring
Min
8
7
7

Average
92.333
50.367
23.6

Max
250
195
65

As with any problem, the viability of the solution technique and the benefit of the
solution technique should be investigated. With this research, the proposed genetic
algorithm was compared to generating schemes randomly until a scheme supporting the
optimal value is achieved. With the stochastic approach, the randomly generated
solutions without a solution space search algorithm reached the stopping criteria of 2000
offspring without reaching the optimal solution as seen in Table 3.5.

Table 3.5

Compare Random Search to Genetic Algorithm Search

Case

Search

3
4
3
4

Random
Random
Genetic
Genetic

Run
Time
(mm:ss)
14:06.2
18:05.4
00:04.8
00:10.8

Number of
Children
2000
2000
20.20
31.20
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3.4.7

Discussion
When modeling an existing process, there will always be a discussion on whether

to use schedule data or actual historical data. When operating an airline, the actual
operating items vary based on events such as weather, the actual gate used, and aircraft
size used for a specific flight. In addition to these sources of variation in the actual data,
it is important to run the airline on schedule. With these considerations, schedule data is
used throughout the modeling environment.
Applying this same logic, use of existing planning data relies on an available data
source that is accepted, adding validity to the solution process and results. Since this data
is deterministic in nature, it tends to preclude the use of a stochastic model. When the
plan is executed, natural variances will occur that may not have been anticipated or
included in the modeling environment. Attempting to cover all sources of variation may
make modeling the stochastic case difficult with little or no overall benefit when
compared to the deterministic case.
Most schedules are developed to meet certain market, business, and operational
goals. With this in mind, meeting the schedule is imperative. This process can provide a
number of optimal solutions within the search space, keeping in mind that the goal is zero
delay time units, not the absolute minimum. Part of schedule development will be
controlled by an airport’s ability to allow flights to take off. The degree of time
separation of the departing flights will also impact the number of potential optimal
solutions. The degree that these conditions exist drives the model’s ability to locate one
of the optimal solutions.
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Most optimization problems focus of finding either the maximum or minimum
value. When using heuristics, the routines run until a determination is made that the
answer is not improving (the stopping criteria). When operating an airline it is
imperative that the airline operate on schedule. Arriving too early may mean that the gate
at the destination may not be available. Additionally, departing early and moving across
the ramp can cause the same type of issues as departing late, resulting in delays where an
on time flight becomes late. With this in mind, optimality is defined as zero delays and
the model terminates when this condition is achieved, resulting in faster run times.
Based on the data presented, both the deterministic and stochastic approaches
produce optimal results. With the stochastic approach, the size of the initial population
determines which case produces the faster result (case 1 vs. case 2). With the manual
assignment process taking in excess of one hour, solution times on the order of 10-20
seconds represent a significant improvement.
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CHAPTER IV
SUMMARY AND CONCLUSION

The increase in demand for efficient use of the air traffic system and operational
equipment requires that airlines operate in more economical ways, meaning control of
operational costs becomes a high priority. Decision support models aid in the decision
process to gain and leverage these efficiencies. Past research has been restricted to
specific portions of the operating environment with little study performed on the
interaction between research areas. While numerous parts of the air traffic system are not
controllable by the airlines, the movement around the ramp area as well as gate usage can
be leveraged to gain operational efficiency.
Current research covers the movement around the airport and gate assignments as
separate research areas with no interaction. This research provides a framework for
integrating the gate assignment and airport movement problems into a unified problem
definition and solution. The first step in the framework is to define the operating
environment and establish travel segments for measuring equipment movement and
ultimately congestion. After defining the operating area, a multi-objective function is
developed using total delay minutes to determine the best solution along with the
appropriate delay calculations for moving freight to the aircraft and moving the aircraft
through the taxi lanes. Within the operating environment, departing early has an adverse
impact on operations, so the best or optimized solution will be measured as an on time
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departure with no delays. With the problem defined, the solution approach can be
determined. With the use of time as a common metric, job shop scheduling problem
solution techniques can be employed. With the need to operate the airline on schedule,
the optimal value is zero delay minutes. A genetic algorithm was developed to solve the
sample problem and providing optimal results. Based on multiple runs of the model, the
proposed framework and algorithm achieve the defined optimal value within a relatively
short run time.
This framework and solution approach demonstrates that a solution can be found
in both the deterministic and stochastic environment with the stochastic model taking
longer to resolve. Based on this, either approach can be used to generate a solution that
can be used in planning discussions and decision.
Base on this approach, future research effort should focus on relaxing the
assumptions. Specifically, the impact of resource availability should be investigated.
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APPENDIX A
AIRPORT OPERATIONS REPORTING
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1.87
0.19
0.28
2.34
2.75
0.00
1.31
4.33
0.00
0.00
5.64
0.00
0.56
3.95
0.00
0.00
0.00
4.51
0.00
0.00
3.69
3.69

Boston, MA (Metropolitan Area)
(LOGAN INTERNATIONAL - BOS)
(MANCHESTER-BOSTON REGIONAL - MHT)
(THEODORE FRANCIS GREEN STATE - PVD)
TOTAL COMMUNITY

Charlotte, NC
(CHARLOTTE DOUGLAS INTERNATIONAL - CLT)

Chicago, IL
(CHICAGO EXECUTIVE - PWK)
(CHICAGO MIDWAY INTERNATIONAL - MDW)
(CHICAGO O'HARE INTERNATIONAL - ORD)
(DU PAGE COUNTY - DPA)
(GARY/CHICAGO INTERNATIONAL - GYY)
TOTAL COMMUNITY

Dallas/Fort Worth, TX
(ADDISON - ADS)
(DALLAS LOVE FIELD - DAL)
(DALLAS/FORT WORTH INTERNATIONAL - DFW)
(FORT WORTH ALLIANCE - AFW)
(FORT WORTH MEACHAM INTERNATIONAL - FTW)
(FORT WORTH NAS JRB/CARSWELL FIELD - FWH)
TOTAL COMMUNITY

Denver, CO
(BUCKLEY AFB - BFK)
(CENTENNIAL - APA)
(DENVER INTERNATIONAL - DEN)
TOTAL COMMUNITY

3
6
303773
303782

67
46295
308081
4884
7
8
359342

5
90688
407694
16
79
498482

245845

157280
20021
27180
204481

447241

6.38

0
0
306821
306821

0
46906
313818
4862
0
0
365586

1
91388
430602
0
0
521991

250878

161353
20483
27763
209599

452399

0
0
452399

Scheduled

Aircraft Departures
Total performed

5
1
447235

Percent of
enplanements
0.00
0.00
6.38

Community Airport Name

298
29
25397404
25397731

1
3851481
27184073
1309
400
517
31037781

37
9013223
29781567
0
1399
38796226

18926433

12848003
1340554
1916431
16104988

43869333

60
1
43869272

Enplaned
passengers

0.00
0.00
111520.82
111520.82

7.31
4525.14
187489.11
93282.73
15.34
2.23
285321.86

0.00
13532.85
261679.27
59.46
45.81
275317.39

54362.22

96911.73
44407.07
4554.31
145873.11

209734.18

0.00
0.00
209734.18

Freight

0.00
0.00
9117.36
9117.36

0.00
0.00
12885.76
0.00
0.00
0.00
12885.76

0.00
0.00
30017.87
0.00
0.00
30017.87

10253.29

6386.15
622.47
23.98
7032.60

12482.19

0.00
0.00
12482.19

Mail

Enplaned revenue-tones

Aircraft Departures and Enplaned Passengers, Freight, and Mail in Total Operations, All Services : 2011 (Large Air
Traffic Hubs)

Atlanta, GA (Metropolitan Area)
(DEKALB PEACHTREE - PDK)
(FULTON COUNTY AIRPORT-BROWN FIELD - FTY)
(HARTSFIELD-JACKSON ATLANTA INTERNATIONAL ATL)
TOTAL COMMUNITY

Table A.1

132

0.31
0.61
0.22
3.55
0.33
0.00
0.00
5.02

Los Angeles, CA (Metropolitan Area)
(BOB HOPE - BUR)
(JOHN WAYNE AIRPORT-ORANGE COUNTY - SNA)
(LONG BEACH - LGB)
(LOS ANGELES INTERNATIONAL - LAX)
(ONTARIO INTERNATIONAL - ONT)
(SANTA MONICA MUNICIPAL - SMO)
(VAN NUYS - VNY)
TOTAL COMMUNITY

Miami, FL (Metropolitan Area)
(FORT LAUDERDALE-HOLLYWOOD INTERNATIONAL FLL)
(KENDALL-TAMIAMI EXECUTIVE - TMB)
(MIAMI INTERNATIONAL - MIA)
(OPA-LOCKA EXECUTIVE - OPF)
TOTAL COMMUNITY

27657
40991
15717
247377
33371
26
37
365176

40
164973
55
3309
168377

2
144477
17
239767

0.00
2.69
0.00
0.01
2.70

Las Vegas, NV
(HENDERSON EXECUTIVE - HSH)
(MCCARRAN INTERNATIONAL - LAS)
(NELLIS AFB - LSV)
(NORTH LAS VEGAS - VGT)
TOTAL COMMUNITY

34
243877
53775
297686

0.00
2.17
0.00
3.69

0.00
2.68
0.69
3.37

Houston, TX
(ELLINGTON FIELD - EFD)
(GEORGE BUSH INTERCONTINENTAL/HOUSTON - IAH)
(WILLIAM P HOBBY - HOU)
TOTAL COMMUNITY

74841
489
75330

95271

1.09
0.00
1.09

Honolulu, HI
(HONOLULU INTERNATIONAL - HNL)
(JOINT BASE PEARL HARBOR-HICKAM - HIK)
TOTAL COMMUNITY

214030
1883
215913

0
137762
0
231428

93666

27652
41377
15747
248367
33339
0
0
366482

0
164816
0
0
164816

22
245895
54498
300415

73126
0
73126

213742
6
213748

Scheduled

Aircraft Departures
Total performed

1.53

2.26
0.00
2.26

Percent of
enplanements

Detroit, MI
(DETROIT METRO WAYNE COUNTY - DTW)
(WILLOW RUN - YIP)
TOTAL COMMUNITY

Community Airport Name

Table A.1 (continued)
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3
14910107
23
25405332

10495199

2144444
4209676
1512122
24433767
2236028
65
216
34536318

306
18503315
3528
55133
18562282

1025
18414653
4752471
23168149

7489079
13911
7502990

15544029
3101
15547130

Enplaned
passengers

0.00
520421.34
46.86
567038.81

46570.61

26337.38
13811.57
17741.53
443954.44
227890.53
0.00
9.65
729745.10

0.00
40981.21
132.07
0.00
41113.28

2.11
138660.67
6397.60
145060.38

203888.41
12458.41
216346.82

79160.71
1072.12
80232.83

8120.00
0.00
8120.00

0.00
16739.41
0.00
18968.89

2229.48

240.26
1583.41
908.70
35457.77
7017.73
0.00
0.00
45207.87

0.00
1233.78
0.00
0.00
1233.78

0.00
19477.63
0.01
19477.64

16496.77
0.00
16496.77

Mail

Enplaned revenue-tones
Freight

0.00
2.30
0.00
2.30
2.44
1.69
0.11
2.19
0.03
0.14
6.60
0.00
0.00
2.30
2.30
0.00
2.13
2.13
0.00
0.00
0.08
0.00
2.83
0.00
2.90
1.41

New York City, NY (Metropolitan Area)
(JOHN F. KENNEDY INTERNATIONAL - JFK)
(LAGUARDIA - LGA)
(LONG ISLAND MACARTHUR - ISP)
(NEWARK LIBERTY INTERNATIONAL - EWR)
(STEWART INTERNATIONAL - SWF)
(WESTCHESTER COUNTY - HPN)
TOTAL COMMUNITY

Orlando, FL
(EXECUTIVE - ORL)
(KISSIMMEE GATEWAY - ISM)
(ORLANDO INTERNATIONAL - MCO)
TOTAL COMMUNITY

Philadelphia, PA
(NORTHEAST PHILADELPHIA - PNE)
(PHILADELPHIA INTERNATIONAL - PHL)
TOTAL COMMUNITY

Phoenix, AZ
(LUKE AFB - LUF)
(PHOENIX - DEER VALLEY - DVT)
(PHOENIX - MESA GATEWAY - AZA)
(PHOENIX GOODYEAR - GYR)
(PHOENIX SKY HARBOR INTERNATIONAL - PHX)
(SCOTTSDALE - SCF)
TOTAL COMMUNITY

Salt Lake City, UT
(SALT LAKE CITY INTERNATIONAL - SLC)

Percent of
enplanements

Minneapolis/St. Paul, MN
(FLYING CLOUD - FCM)
(MINNEAPOLIS-ST PAUL INTERNATIONAL - MSP)
(ST. PAUL DOWNTOWN HOLMAN FIELD - STP)
TOTAL COMMUNITY

Community Airport Name

Table A.1 (continued)
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130879

1
2
4410
15
203807
8
208243

2
206713
206715

3
1
136760
136764

162690
171233
8803
181935
4132
19225
548018

1
200390
12
200403

131118

0
0
3432
6
204731
0
208169

0
213478
213478

0
0
136969
136969

166241
181134
8951
188081
4218
19851
568476

0
201346
3
201349

Scheduled

Aircraft Departures
Total performed

9701535

0
0
521435
5
19444038
27
19965505

0
14628841
14628841

35
0
15851723
15851758

16806274
11597664
781291
15042794
209923
969861
45407807

3
15845303
85
15845391

Enplaned
passengers

87029.63

0.00
0.00
0.00
0.00
118351.47
0.00
118351.47

1.23
227151.56
227152.79

0.00
1.44
59468.68
59470.12

215431.49
2975.91
193.86
309184.90
3191.58
4.46
530982.20

0.00
108087.67
0.00
108087.67

0.00
8743.32
0.00
8743.32

6286.16

0.00
0.00
0.00
0.00
16202.39
0.00
16202.39

0.00
15943.76
15943.76

0.00
0.00
1292.81
1292.81

29059.30
32.87
0.00
46925.51
0.00
0.54
76018.22

Mail

Enplaned revenue-tones
Freight

6
134316
129205
384206

0.00
1.30
1.38
4.28
73.82

Overall Total

5833721

120679

1.60

76382
80077

Washington, DC (Metropolitan Area)
(BALTIMORE/WASHINGTON INTERNATIONAL
THURGOOD MARSHALL - BWI)
(MARTIN STATE - MTN)
(RONALD REAGAN WASHINGTON NATIONAL - DCA)
(WASHINGTON DULLES INTERNATIONAL - IAD)
TOTAL COMMUNITY

Tampa, FL (Metropolitan Area)
(LAKELAND LINDER REGIONAL - LAL)
(MACDILL AFB - MCF)
(ST. PETERSBURG-CLEARWATER INTERNATIONAL PIE)
(TAMPA INTERNATIONAL - TPA)
TOTAL COMMUNITY

7679
1998
5839
148426
163942

1.16
1.22

0.00
0.00
0.00
2.23
2.24

Seattle, WA
(BOEING FIELD/KING COUNTY INTERNATIONAL - BFI)
(KENMORE AIR HARBOR - KEH)
(LAKE UNION TERMINAL - LKE)
(SEATTLE/TACOMA INTERNATIONAL - SEA)
TOTAL COMMUNITY

55600
44745
171393
271738

241
19
3435

0.65
0.59
2.53
3.77

San Francisco, CA (Metropolitan Area)
(METROPOLITAN OAKLAND INTERNATIONAL - OAK)
(NORMAN Y. MINETA SAN JOSE INTERNATIONAL - SJC)
(SAN FRANCISCO INTERNATIONAL - SFO)
TOTAL COMMUNITY

10
24
17
81263
81314

5901900

2
138821
131782
392026

121421

76191
79551

0
2
3358

7410
1468
4573
145722
159173

54972
44215
173923
273110

0
0
0
81192
81192

Scheduled

Aircraft Departures
Total performed

0.00
0.00
0.06

0.00
0.00
0.00
1.21
1.21

Percent of
enplanements

San Diego, CA
(BROWN FIELD MUNICIPAL - SDM)
(MIRAMAR MCAS - NKX)
(NORTH ISLAND NAS - NZY)
(SAN DIEGO INTERNATIONAL - SAN)
TOTAL COMMUNITY

Community Airport Name
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507724436

13
8950133
9492251
29425214

10982817

7966060
8397097

20282
873
409882

33316
5062
23350
15356755
15418483

4454393
4057081
17409986
25921460

35
1108
620
8304889
8306652

Enplaned
passengers

4799130.24

0.99
1272.47
94856.39
147312.17

51182.32

37788.46
46025.19

0.00
5.22
8231.51

52696.62
0.51
1.29
108332.61
161031.03

270437.88
25702.18
88172.46
384312.52

9.80
0.00
29.81
67669.04
67708.65

0.00
0.00
0.00
1902.76
1902.76

365451.44

0.00
4.85
7289.88
10462.98

3168.25

1691.48
1693.04

0.00
0.00
1.56

951.94
0.00
0.00
7934.54
8886.48

3148.18
226.63
23350.69
26725.50

Mail

Enplaned revenue-tones
Freight

0.12
0.00
0.64
0.76
0.45
0.00
0.45
0.53
0.40
0.00
0.40
0.53
0.00
0.53

Cleveland, OH (Metropolitan Area)
(AKRON-CANTON REGIONAL - CAK)
(BURKE LAKEFRONT - BKL)
(CLEVELAND-HOPKINS INTERNATIONAL - CLE)
TOTAL COMMUNITY

Columbus, OH
(PORT COLUMBUS INTERNATIONAL - CMH)
(RICKENBACKER INTERNATIONAL - LCK)
TOTAL COMMUNITY

Fort Myers, FL
(SOUTHWEST FLORIDA INTERNATIONAL - RSW)

Hartford, CT
(BRADLEY INTERNATIONAL - BDL)
(HARTFORD BRAINARD - HFD)
TOTAL COMMUNITY

Indianapolis, IN
(INDIANAPOLIS INTERNATIONAL - IND)
(INDIANAPOLIS METRO - IN3)
TOTAL COMMUNITY

65481
1
65482

38032
6
38038

33990

49361
2382
51743

12049
34
85840
97923

73050

0.50

36254
105
72945

0.38

Buffalo, NY
(BUFFALO NIAGARA INTERNATIONAL - BUF)

50388

0.00
0.50

0.64

Austin, TX
(AUSTIN - BERGSTROM INTERNATIONAL - AUS)

405
166
4264
67107
71942

41444

65944
0
65944

38743
0
38743

36109

50356
2170
52526

12214
1
90359
102574

69621

0
69621

36946

50613

0
0
0
30389
30389

41842

Scheduled

Aircraft Departures
Total performed

Cincinnati, OH
(CINCINNATI MUNICIPAL LUNKEN FIELD - LUK)
(CINCINNATI/NORTHERN KENTUCKY INTERNATIONAL
- CVG)
TOTAL COMMUNITY

0.00
0.00
0.00
0.32
0.32

Anchorage, AK
(ELMENDORF AFB - EDF)
(LAKE HOOD STRIP - DQL)
(MERRILL FIELD - MRI)
(TED STEVENS ANCHORAGE INTERNATIONAL - ANC)
TOTAL COMMUNITY

Percent of
enplanements
0.40

Community Airport Name

3657022
1
3657023

2753298
10
2753308

3633053

3116086
7568
3123654

813840
1101
4382543
5197484

3411047

838
3410209

2581700

4436405

7059
885
6624
2220766
2235334

2768394

Enplaned
passengers

509811.18
0.00
509811.18

56916.89
0.00
56916.89

4723.80

1559.78
50182.71
51742.49

90.34
23.46
38656.21
38770.01

243160.77

8.02
243152.75

22991.44

42351.92

4013.82
37.02
711.52
748874.92
753637.28

45421.59

Freight

1634.11

903.66
0.00
903.66

4595.51
0.00
4595.51

0.01

672.04
27.49
699.53

21.34
0.00
829.01
850.35

778.53

0.00
778.53

0.00

619.58

0.00
0.00
23.45
55235.63
55259.08

Mail

Enplaned revenue-tones

Aircraft Departures and Enplaned Passengers, Freight, and Mail in Total Operations, All Services : 2011 (Medium Air
Traffic Hubs)

Albuquerque, NM
(ALBUQUERQUE INTERNATIONAL SUNPORT - ABQ)

Table A.2
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0.68
0.68

Milwaukee, WI
(GENERAL MITCHELL INTERNATIONAL - MKE)

Nashville, TN
(NASHVILLE INTERNATIONAL - BNA)

29956
650
39496

0.23
0.01
0.31
0.00
0.00
0.25
0.25

Oklahoma City, OK
(TINKER AFB - TIK)
(WILEY POST - PWA)
(WILL ROGERS WORLD - OKC)
TOTAL COMMUNITY

20
1
26545
26566

22
8868

0.00
0.08

Norfolk, VA (Metropolitan Area)
(LANGLEY AFB - LFI)
(NEWPORT NEWS/WILLIAMSBURG INTERNATIONAL PHF)
(NORFOLK INTERNATIONAL - ORF)
(NORFOLK NS - NGU)
TOTAL COMMUNITY

New Orleans, LA
(LAKEFRONT - NEW)
(LOUIS ARMSTRONG NEW ORLEANS INTERNATIONAL MSY)
(NEW ORLEANS NAS JRB - NBG)
TOTAL COMMUNITY

65014

71764

141568

3
45688

0.63

Memphis, TN
(MEMPHIS INTERNATIONAL - MEM)

54
66310
66364

0.00
0.61

0.00
0.73
0.73

Kansas City, MO
(CHARLES B. WHEELER DOWNTOWN - MKC)
(KANSAS CITY INTERNATIONAL - MCI)
TOTAL COMMUNITY

29945

2
45683

0.37

Kahului, HI
(KAHULUI - OGG)

13
35919
184
36116

0
0
26725
26725

30641
11
39851

0
9199

0
45799

0
45799

65301

72318

142538

0
66734
66734

29338

1
36104
1
36106

Scheduled

Aircraft Departures
Total performed

0.00
0.61

0.00
0.39
0.00
0.39

Percent of
enplanements

Jacksonville, FL
(CECIL FIELD - NZC)
(JACKSONVILLE INTERNATIONAL - JAX)
(JACKSONVILLE NAS - NIP)
TOTAL COMMUNITY

Community Airport Name
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1242
24
1738349
1739615

1604738
38143
2161763

2111
516771

55
4229764

20
4229689

4652635

4662528

4336363

1963
4999806
5001769

2550384

0
2700284
13403
2713687

Enplaned
passengers

0.00
0.00
14634.83
14634.83

14617.96
6869.07
21496.59

6.67
2.89

0.00
23067.67

0.00
23067.67

24204.04

43536.34

2135920.88

74.39
45851.14
45925.53

10403.07

2.08
37628.34
155.49
37785.91

Mail

Enplaned revenue-tones
Freight

0.00
0.00
0.50
0.50

0.20
0.00
1.99

0.00
1.79

0.00
1.08

0.00
1.08

27.47

1018.03

5420.12

0.00
1364.46
1364.46

1018.38

0.00
655.36
0.00
655.36

0.30
0.00
0.30
0.00
0.59
0.59
0.98
0.64
0.26
0.00
0.63
0.00
0.63
0.00
0.57
0.57
0.00
0.56
0.57
0.00
0.89
0.00
0.89

Pittsburgh, PA
(ALLEGHENY COUNTY - AGC)
(PITTSBURGH INTERNATIONAL - PIT)
TOTAL COMMUNITY

Portland, OR
(PORTLAND INTERNATIONAL - PDX)

Raleigh/Durham, NC
(RALEIGH-DURHAM INTERNATIONAL - RDU)

Reno, NV
(RENO/TAHOE INTERNATIONAL - RNO)

Sacramento, CA
(MCCLELLAN AIRFIELD - MCC)
(SACRAMENTO INTERNATIONAL - SMF)
(SACRAMENTO MATHER - MHR)
TOTAL COMMUNITY

San Antonio, TX
(LACKLAND AFB (KELLY FIELD ANNEX) - SKF)
(SAN ANTONIO INTERNATIONAL - SAT)
TOTAL COMMUNITY

San Juan, PR
(ISLA GRANDE - SIG)
(LUIS MUNOZ MARIN INTERNATIONAL - SJU)
TOTAL COMMUNITY

St. Louis, MO
(BI-STATE PARKS - CPS)
(LAMBERT-ST. LOUIS INTERNATIONAL - STL)
(SPIRIT OF ST. LOUIS - SUS)
TOTAL COMMUNITY

Percent of
enplanements

Omaha, NE
(EPPLEY AIRFIELD - OMA)
(OFFUTT AFB - OFF)
TOTAL COMMUNITY

Community Airport Name

Table A.2 (continued)
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3
84123
54
84180

3421
58209
61630

93
46468
46561

31
49456
1065
50552

24227

64333

84324

11
58598
58609

31559
23
31582

0
88675
0
88675

3516
58276
61792

1
46200
46201

0
49518
1062
50580

24296

65026

84113

8
63024
63032

31666
0
31666

Scheduled

Aircraft Departures
Total performed

67
6129274
1425
6130766

20353
3871190
3891543

9281
3906696
3915977

0
4354750
2
4354752

1820902

4429869

6737785

202
4046994
4047196

2046975
1275
2048250

Enplaned
passengers

0.00
39657.32
0.30
39657.62

64.81
58550.51
58615.32

154.11
62132.91
62287.02

0.67
32636.71
22322.78
54960.16

32425.52

37201.10

99569.77

7.45
36442.53
36449.98

30007.34
3.19
30010.53

Mail

Enplaned revenue-tones
Freight

0.00
1207.62
0.00
1207.62

0.00
833.91
833.91

0.00
381.56
381.56

0.00
1097.86
4067.78
5165.64

132.86

541.64

3091.57

0.00
626.95
626.95

337.74
0.00
337.74

0.00
0.26
0.26
0.41
15.68

West Palm Beach/Palm Beach, FL
(PALM BEACH INTERNATIONAL - PBI)

Overall Total

Percent of
enplanements

Tucson, AZ
(DAVIS MONTHAN AFB - DMA)
(TUCSON INTERNATIONAL - TUS)
TOTAL COMMUNITY

Community Airport Name

Table A.2 (continued)
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1639561

27425

4
23359
23363

1615398

26787

0
23213
23213

Scheduled

Aircraft Departures
Total performed

107849481

2846615

269
1779647
1779916

Enplaned
passengers

4602262.32

12065.07

24.36
12493.64
12518.00

0.19

0.00
0.32
0.32

87167.75

Mail

Enplaned revenue-tones
Freight

0.06
0.05
0.10
0.06
0.07
0.06

Amarillo, TX
(RICK HUSBAND AMARILLO INTERNATIONAL - AMA)

Asheville, NC
(ASHEVILLE REGIONAL - AVL)

Atlantic City, NJ
(ATLANTIC CITY INTERNATIONAL - ACY)

Baton Rouge, LA
(BATON ROUGE METROPOLITAN/RYAN FIELD - BTR)

Bellingham, WA
(BELLINGHAM INTERNATIONAL - BLI)

Billings, MT
(BILLINGS LOGAN INTERNATIONAL - BIL)

0.20
0.06
0.09
0.06
0.18

Boise, ID
(BOISE AIR TERMINAL - BOI)

Bozeman, MT
(GALLATIN FIELD - BZN)

Burlington, VT
(BURLINGTON INTERNATIONAL - BTV)

Cedar Rapids/Iowa City, IA
(THE EASTERN IOWA - CID)

Charleston, SC
(CHARLESTON AFB/INTERNATIONAL - CHS)

Birmingham, AL
(BIRMINGHAM-SHUTTLESWORTH INTERNATIONAL BHM)
0.21

0.06

Allentown/Bethlehem/Easton, PA
(LEHIGH VALLEY INTERNATIONAL - ABE)

Percent of
enplanements
0.18

Community Airport Name

21198

11913

12718

6705

21717

23437

9348

9504

10056

6405

9118

7339

9855

24066

Total performed

21250

12025

13420

6727

21775

23574

9562

9464

10255

4983

9389

7465

10116

24861

Scheduled

Aircraft Departures

1247331

431663

635202

397833

1395459

1429065

407251

515353

395820

662630

361607

392813

425408

1212161

Enplaned
passengers

18773.96

15440.05

2046.56

415.13

19808.01

11196.75

13976.42

820.66

23.71

0.00

39.72

70.63

9555.53

9636.83

Freight

Mail

Enplaned revenue-tones

0.01

326.01

0.00

0.00

1.88

3.04

119.82

0.00

0.00

0.00

0.24

0.00

0.00

16.01

Aircraft Departures and Enplaned Passengers, Freight, and Mail in Total Operations, All Services : 2011 (Small
Air Traffic Hubs)

Albany, NY
(ALBANY INTERNATIONAL - ALB)

Table A.3
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0.01
0.09
0.09
0.12
0.07
0.00
0.18
0.00
0.18
0.14
0.00
0.21
0.22
0.06
0.00
0.06
0.00
0.00
0.06

Colorado Springs, CO
(CITY OF COLORADO SPRINGS MUNICIPAL - COS)

Columbia, SC
(COLUMBIA METROPOLITAN - CAE)

Dayton, OH
(DAYTON-WRIGHT BROTHERS - MGY)
(JAMES M COX/DAYTON INTERNATIONAL - DAY)
(WRIGHT-PATTERSON AFB - FFO)
TOTAL COMMUNITY

Des Moines, IA
(DES MOINES INTERNATIONAL - DSM)

El Paso, TX
(BIGGS AAF - BIF)
(EL PASO INTERNATIONAL - ELP)
TOTAL COMMUNITY

Eugene, OR
(MAHLON SWEET FIELD - EUG)

Fairbanks, AK
(EIELSON AFB - EIL)
(FAIRBANKS INTERNATIONAL - FAI)
(GOLD KING CREEK - AK3)
(LADD AAF - FBK)
TOTAL COMMUNITY

Percent of
enplanements

Charlotte Amalie, VI
(CHARLOTTE AMALIE HARBOR SEAPLANE BASE - SPB)
(CYRIL E KING - STT)
TOTAL COMMUNITY

Community Airport Name

Table A.3 (continued)

30
14418
14448

0.00
0.08
0.08
0.07

Flint, MI
(BISHOP INTERNATIONAL - FNT)

8900

6915

0.05

130
20295
6
74
20505

8749

347
24088
24435

19619

1
22519
15
22535

14353

15287

4077
13842
17919

8993

4
14889
14893

7000

0
5015
0
0
5015

8794

1
23357
23358

19829

0
22923
0
22923

14562

15162

4180
13978
18158

Scheduled

Aircraft Departures
Total performed

Fargo, ND
(HECTOR INTERNATIONAL - FAR)
Fayetteville, AR
(DRAKE FIELD - FYV)
(NORTHWEST ARKANSAS REGIONAL - XNA)
TOTAL COMMUNITY

141

473110

500
538850
539350

346264

10249
433446
0
106
443801

393387

29923
1458933
1488856

932589

0
1246560
195
1246755

487313

828512

44452
596747
641199

Enplaned
passengers

4576.33

5.26
40.71
45.97

26.79

616.41
6144.29
0.68
23.25
6784.63

754.93

341.27
46008.06
46349.33

38403.17

0.00
4033.50
1128.55
5162.05

31116.78

6861.45

583.50
712.84
1296.34

Mail

Enplaned revenue-tones
Freight

1.56

0.00
1.81
1.81

0.00

0.00
3049.39
0.00
0.00
3049.39

0.00

0.00
3.40
3.40

4136.54

0.00
0.00
0.00
0.00

30.27

0.00

0.00
0.00
0.00

0.00
0.13
0.13
0.00
0.15
0.15
0.06
0.05
0.00
0.09
0.09
0.09

Greenville/Spartanburg, SC
(DONALDSON CENTER - GDC)
(GREENVILLE-SPARTANBURG INTERNATIONAL - GSP)
TOTAL COMMUNITY

Guam, TT
(ANDERSEN AFB - UAM)
(GUAM INTERNATIONAL - GUM)
TOTAL COMMUNITY

Gulfport/Biloxi, MS
(GULFPORT-BILOXI INTERNATIONAL - GPT)

Harlingen/San Benito, TX
(VALLEY INTERNATIONAL - HRL)

Harrisburg, PA
(CAPITAL CITY - HAR)
(HARRISBURG INTERNATIONAL - MDT)
TOTAL COMMUNITY

Hilo, HI
(HILO INTERNATIONAL - ITO)

Huntsville, AL
(HUNTSVILLE INTERNATIONAL-CARL T JONES FIELD HSV)
(REDSTONE AAF - HUA)
TOTAL COMMUNITY

8129

1
17809
17810

6709

7459

151
10308
10459

48
18674
18722

21190

2
14666

0.13

Greensboro/High Point, NC
(PIEDMONT TRIAD INTERNATIONAL - GSO)

8481

0.00
0.09

0.05

Green Bay, WI
(AUSTIN STRAUBEL INTERNATIONAL - GRB)

21512

14664

0.16

Grand Rapids, MI
(GERALD R. FORD INTERNATIONAL - GRR)

13060

0
14512

14512

8020

0
17994
17994

6053

7064

0
10209
10209

0
18961
18961

21448

8582

21678

13146

Scheduled

Aircraft Departures
Total performed

0.09

0.08

Percent of
enplanements

Fresno, CA
(FRESNO YOSEMITE INTERNATIONAL - FAT)

Community Airport Name

Table A.3 (continued)
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0
614589

614589

605101

0
650960
650960

359166

395292

2166
1018669
1020835

0
880866
880866

893238

352052

1122650

559774

Enplaned
passengers

43.26
46246.58

46203.32

16817.76

0.00
30811.19
30811.19

13500.35

88.10

5555.03
7692.87
13247.90

37.33
14635.26
14672.59

35652.87

95.36

20326.64

2827.19

Mail

Enplaned revenue-tones
Freight

0.00
0.10

0.10

438.89

0.00
2.11
2.11

0.00

0.06

0.00
1438.54
1438.54

0.00
38.94
38.94

116.38

0.00

1.10

3.47

0.00
0.09
0.09
0.12
0.19
0.08
0.17
0.15
0.24

Knoxville, TN
(MCGHEE TYSON - TYS)

Kona, HI
(KONA INTERNATIONAL AIRPORT AT KEAHOLE - KOA)

Lexington, KY
(BLUE GRASS - LEX)

Lihue, HI
(LIHUE - LIH)

Little Rock, AR
(ADAMS FIELD - LIT)

Louisville, KY
(LOUISVILLE INTERNATIONAL-STANDIFORD FIELD - SDF)

Percent of
enplanements

Jackson/Vicksburg, MS
(HAWKINS FIELD - HKS)
(JACKSON - EVERS INTERNATIONAL - JAN)
TOTAL COMMUNITY

Community Airport Name

Table A.3 (continued)

0.07
0.11
0.07
0.12
0.00
0.10
0.10
0.06
0.00
0.06

Lubbock, TX
(LUBBOCK PRESTON SMITH INTERNATIONAL - LBB)

Madison, WI
(DANE COUNTY REGIONAL-TRUAX FIELD - MSN)

Midland/Odessa, TX
(MIDLAND INTERNATIONAL - MAF)

Myrtle Beach, SC
(MYRTLE BEACH INTERNATIONAL - MYR)

Palm Springs, CA
(JACQUELINE COCHRAN REGIONAL - TRM)
(PALM SPRINGS INTERNATIONAL - PSP)
TOTAL COMMUNITY

Panama City, FL
(NORTHWEST FLORIDA BEACHES INTERNATIONAL - ECP)
(TYNDALL AFB - PAM)
TOTAL COMMUNITY

143
6483
9
6492

14
11368
11382

10193

8273

14972

11598

62138

19336

13949

12736

18712

21309

17
12465
12482

Scheduled

Aircraft Departures
Total performed

6576
0
6576

0
11457
11457

8886

8366

15175

11731

62027

19527

13506

12837

17506

21567

0
12683
12683

417881
293
418174

37
663145
663182

845039

474423

740875

503023

1650525

1063629

1197961

533332

1284259

841028

0
615601
615601

Enplaned passengers

5.30
55.84
61.14

0.00
22.40
22.40

420.49

1603.01

6814.25

14747.14

1198541.71

10204.42

2620.02

373.06

13456.56

25389.97

0.00
3478.26
3478.26

Mail

Enplaned revenue-tones
Freight

0.00
0.00
0.00

0.00
1.47
1.47

21.95

0.00

0.00

0.00

43058.87

43.58

0.05

0.00

255.37

1.62

0.00
2.51
2.51

0.11
0.00
0.11
0.12
0.00
0.06
0.06
0.23
0.17
0.08
0.05
0.09
0.00
0.11
0.11
0.06
0.22

Portland, ME
(PORTLAND INTERNATIONAL JETPORT - PWM)

Quad Cities, IL (Metropolitan Area)
(DAVENPORT MUNICIPAL - DVN)
(QUAD CITY INTERNATIONAL - MLI)
TOTAL COMMUNITY

Richmond, VA
(RICHMOND INTERNATIONAL - RIC)

Rochester, NY
(GREATER ROCHESTER INTERNATIONAL - ROC)

Sanford, FL
(ORLANDO SANFORD INTERNATIONAL - SFB)

Santa Barbara, CA
(SANTA BARBARA MUNICIPAL - SBA)

Sarasota/Bradenton, FL
(SARASOTA/BRADENTON INTERNATIONAL - SRQ)

Savannah, GA
(HUNTER AAF - SVN)
(SAVANNAH/HILTON HEAD INTERNATIONAL - SAV)
TOTAL COMMUNITY

Sioux Falls, SD
(JOE FOSS FIELD - FSD)

Spokane, WA
(SPOKANE INTERNATIONAL - GEG)

Percent of
enplanements

Pensacola, FL
(PENSACOLA GULF COAST REGIONAL - PNS)
(PENSACOLA NAS - NPA)
TOTAL COMMUNITY

Community Airport Name

Table A.3 (continued)

144
22593

10482

55
14406
14461

6386

11279

4306

22658

29473

1
9331
9332

15329

13109
1
13110

22689

10609

0
14740
14740

6436

11449

3765

22979

29971

0
9589
9589

15990

13335
0
13335

Scheduled

Aircraft Departures
Total performed

1487608

418513

2746
785139
787885

643207

367001

559240

1186002

1564284

5
412354
412359

827241

750180
182
750362

Enplaned
passengers

34332.47

25771.87

34.79
2709.25
2744.04

116.23

1699.21

18.42

22838.60

23053.91

0.00
2.13
2.13

4780.51

469.51
0.00
469.51

Mail

Enplaned revenue-tones
Freight

1207.64

112.26

0.00
0.04
0.04

0.00

0.72

0.00

1.56

2.81

0.00
0.21
0.21

0.00

0.00
0.00
0.00

0.05
0.14
0.20
0.06
0.00
0.11
0.11
0.06
7.16

Syracuse, NY
(SYRACUSE HANCOCK INTERNATIONAL - SYR)

Tulsa, OK
(TULSA INTERNATIONAL - TUL)

Valparaiso, FL
(NORTHWEST FLORIDA REGIONAL - VPS)

Wichita, KS
(MCCONNELL AFB - IAB)
(WICHITA MID-CONTINENT - ICT)
TOTAL COMMUNITY

Wilmington, NC
(WILMINGTON INTERNATIONAL - ILM)

Overall Total

Percent of
enplanements

Springfield, MO
(SPRINGFIELD-BRANSON NATIONAL - SGF)

Community Airport Name

Table A.3 (continued)

145
972351

8073

52
14085
14137

9210

22280

21622

8807

8981

960326

8287

1
14300
14301

9363

22669

22109

Scheduled

Aircraft Departures
Total performed

49261649

395110

382
738917
739299

434455

1345924

977832

349021

Enplaned
passengers

1905985.52

670.23

980.16
10379.91
11360.07

2.90

29155.55

22802.11

10967.07

0.65

0.00
1.91
1.91

0.74

0.60

1233.51

221.28

55898.92

Mail

Enplaned revenue-tones
Freight

APPENDIX B
ALGORITHM PSEUDOCODE
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Procedure Main
Load gate data
Load flight data
For each empty assignment scheme in the initial population
While there are flights to assign
Randomly choose an empty gate
Verify feasibility of the flight and gate
If gate is not feasible, repeat gate choice
End gate assignment
End initial assignment
For each scheme
Score the assignment scheme
End scoring
Sort schemes smallest to largest
Establish minimum delay time
If minimum delay time=0, exit
While the minimum delay >0
Perform cross or mutation
Score new assignment scheme
Sort the schemes smallest to largest
Set new minimum
If minimum delay=0, end
Report minimum delay
Procedure Cross
Select Parent 1
Select Parent 2
Set cross point
Select scheme from parent 1 from position 1 to cross point
Select scheme from parent 2 from cross point+1 to end of scheme
While there are unassigned flights
Pick unassigned gate
While not feasible
Select new gate
Assign flight to gate
End assignment

Procedure Mutate
Select parent
Select first flight
Select second flight
While first flight and second gate not feasible or second flight and first
gate not feasible
147

Select new first flight
Select new second flight
Swap flights
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